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Abstract 
 
 
The chemistry of radical species of organometallic complexes bearing the 
cyclopentadienyl ligand has been explored using electrochemical and spectroscopic 
techniques.  For the first time, organometallic complexes containing the η5-C5H4N2 
ligand have been isolated, and are stable as solids in an inert atmosphere.  Specifically, 
cymantrene diazonium salts ([Mn(η5-C5H4N2)(CO)3][BF4 or PF6]) and cobaltocenium 
diazonium hexafluorophosphate ([CoCp(η5-C5H4N2)][PF6]2)  have been prepared, and 
their crystal structures have been solved.  Attempts at preparations of analogous 
compounds containing different metals (e.g. Fe, Re, Ru) were undertaken, but the 
products proved to be extremely unstable and characterization was impossible.  It has 
been shown that electrochemical reduction of diazonium-containing organometallic 
compounds generates films on electrode surfaces, probably induced by a radical-radical 
coupling mechanism that results in covalent bond formation.  Surface films prepared in 
this manner have been analyzed using electrochemical, spectroscopic, and physical 
methods.  In the case of cobaltocenium-modified electrodes, multilayer films are 
generated under most circumstances studied.  These films are persistent for weeks under 
ambient conditions, although some chemical decomposition does occur upon 
voltammetric scans in the cathodic direction.  Cymantrene-modified electrodes are 
apparently less prone to multilayer formation, although the surface species are extremely 
unstable and rapidly decompose upon voltammetric scans in the anodic direction.  
Attempts have been made to stabilize immobilized cationic species using carbonyl 
substitution displacement reactions.    
     The spectroscopic and electrochemical properties of 17 e- species of the  
cymantrene family MnCp*(CO)3 (Cp* = η5-C5(CH3)5), Mn(η5-C5H4R)(CO)3, and  
Mn(η5-C5H5)(CO)(R’)(R”)) have been studied extensively.  Electronic transitions in the 
near-infrared region of the electromagnetic spectrum were determined to be closely 
related to the oxidation potentials of the compounds, with ESR spectroscopy being 
employed to elucidate the nature of frontier orbitals as well as to substantiate absorption 
energies.  Two of these radical cations, [MnCp*(CO)3]+ and [Mn(η5-C5H4NH2)(CO)3]+ 
were isolated as tetrakis(perfluorophenyl)borate [B(C6F5)4]- (TFAB) salts, and analyses 
of their crystal structures were used for additional insight into their spectroscopic 
properties.  The electrochemistry of half-sandwich compounds of the type M(η5-
C5H4PMePh2)(CO)3 (M = Cr, Mo, W) was explored as well, with the Mo and W species 
undergoing rapid dimerization upon oxidation.            
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Compound number list 
 
 
 
[CoCp(η5-C5H4NH2)][PF6]       1 
 
RuCp(η5-C5H4PhNH2)       2 
 
Mn(η5-C5H4NH2)(CO)3       3 
 
Re(η5-C5H4NH2)(CO)3       4 
 
[CoCp(η5-C5H4N2)][PF6]2        5 
 
[Mn(η5-C5H4N2)(CO)3][PF6]      6 
 
[Mn(η5-C5H4N2)(CO)3][BF4]      7 
 
MnCp(CO)3 (Cp = η5-C5H5)      8 
 
MnCp*(CO)3 (Cp* = η5-C5Me5)        9 
 
Cr(η5-C5H4PMePh2)(CO)3      10 
 
Mo(η5-C5H4PMePh2)(CO)3      11 
 
W(η5-C5H4PMePh2)(CO)3      12 
 
[OsCp(CO)2]2       13 
 
[OsCp*(CO)2]2       14 
 
4,10-Dibenzyl-1,4,7,10-tetraazabicyclo[5.5.2]tetradecane  15 
 
4,11-Dibenzyl-1,4,8,11-tetraazabicyclo[6.6.2]hexadecane  16 
 
Trimethylene-linked-crossbridged-cyclen    17 
 
Ni(1,2-B9C2H11)2       18 
 
[RuCpC5H4]2       19 
 
[RuCpC5H4]2[BF4]2       20 
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Part 1.  Diazonium-based attachment of organometallics to electrode surfaces 
 
Chapter 1.  Introduction to problem 
 
1.1.  Surface modifications      
 
     Over the past several decades, modifications of materials such as carbon, silicon, and 
metals with small molecules and polymers has become commonplace.  The purposes of 
such modifications are numerous, and include applications such as corrosion resistance,1 
catalysis,2-4 fuel cell design,4,5 sensors,6 circuitry,7,8 and filtration.9  Modifying layers are 
commonly referred to as surface films and, depending on the desired result, can be 
applied to a suitable substrate using a number of physical or chemical methods.  
Modifications of electrode surfaces are often accomplished using methods similar to 
those used for bulk materials, though certain methods rely solely on electrochemical 
techniques.  The purpose of this introduction is to give a brief overview of different 
modification techniques, followed by a thorough discussion of an electrochemical 
method that makes use of the reduction of diazonium salts.  As this particular method has 
so far been limited to the preparation of organic films, the relevance of extending the 
process to organometallic species is explored throughout.  Potential applications to sensor 
and catalyst development are also discussed. 
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     Polymeric coatings are by far the most common surface modifications, as they have 
found uses in many industrial applications.  Applying a polymer to a surface can be 
accomplished using relatively simple techniques such as spin-coating,10 or more complex 
techniques such as layer-by-layer (LBL) deposition,11 photolysis procedures,12 click 
chemistry,13 or electropolymerization.14  The modification procedure chosen is highly 
dependent on the particular polymers and surfaces being used.  For instance, LBL 
deposition is used specifically for applying charged species to a surface, and 
electropolymerization is clearly limited to monomers that are amenable to the 
polymerization process.   
     Small molecules can be attached to surfaces with methods such as self-assembled 
monolayer (SAM) formation using sulfur-gold interactions15 or siloxane chemistry,16 
electrochemical oxidation of amines,17 and electrochemical reduction of diazonium 
salts,18 among others.  SAMs have been of significant interest due to the formation of 
generally well-organized, reproducible surfaces, although for sulfur-gold modifications 
the surface attachment is not very strong (∆Gads = ca. 21 kJ mol-1).19  In addition, the 
specific bonding requirement limits the types of materials that can be used.  Siloxane 
chemistry is well-suited for forming strong bonds between a surface and modifier, but is 
limited in that the substrate or modifier must be silicon-based.  Amine oxidation is 
certainly a valuable modification procedure, but appears to be limited in the number of 
compounds that are amenable to the process.  Primary amines exhibit much better surface 
reactivity than secondary amines, and tertiary amines are not reactive, presumably due to 
steric effects.17   
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     Modification of electrode materials with organometallic species is not nearly as 
common as organic modifications, but nevertheless well-studied.  The immobilization of 
catalytically active transition metal complexes on solid materials is a field of increasing 
interest, as is sensor construction.  Until recently, there have been three widely used 
methods for obtaining organometallic films on electrode surfaces.  The first is the use of 
sulfur-to-gold bonded SAMs, in which the organometallic moiety is modified to contain a 
thiol endgroup, and then exposed to a gold surface.20  The second is the use of siloxane 
chemistry to attach oxygen-containing species to a silicon surface,21,22 and the third is 
incorporation of the desired compound into a polymeric material22,23 or a paste (e.g. 
carbon),24 which is then immobilized on an electrode surface. 
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1.2.  Electron transfer mediators 
 
     One area of research that is particularly relevant to this discussion is the use of 
organometallic moieties as electron transfer mediators in electrode-based biosensors.  
Mediators are employed to facilitate electron transfer between an analyte and an electrode 
surface, with the measurement of current passed between the mediator and the electrode 
being directly related to an analyte concentration.  Mediation has been successfully 
accomplished using organic species such as p-benzoquinone25 and Prussian blue,26 as 
well as numerous organometallic species.  As an example, a basic description of the 
mediation process within a glucose sensor is presented below.   
     A typical modern amperometric or coulometric glucose sensor incorporates the 
enzyme glucose oxidase (GOx) along with an electron transfer mediator within an 
electrode surface film or membrane.27  Normally, hydrogen peroxide and gluconolactone 
are formed from the reaction of glucose with GOx, and oxygen is the final electron 
acceptor.  Prussian blue has been widely used as a mediator for this purpose, as it reduces 
hydrogen peroxide and can be regenerated at an electrode surface.  Some drawbacks are 
associated with the use of prussian blue, however, including its low stability in media of 
basic pH. 
     In this type of sensor, many different compounds have been used as the final electron 
acceptor, and ferrocenium (Fc+) derivatives tend to work well.28  The anodic current 
required to replenish ferrocenium is measured, and can be converted to a glucose 
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concentration without difficulty.  Scheme 1 shows an idealized version of how the 
process works.   
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Scheme 1 
Many metal complexes have in actually been shown to function as effective mediators for 
glucose detection and in other sensor applications,29 although ferrocene derivatives are 
most often used due to their high stability in both neutral and cationic form combined 
with their relatively low cost. 
     Reproducible results using sensors such as these require that the films do not degrade 
with use, for example due to the mediator or the enzyme decomposing or diffusing into 
solution.  For this reason, modification procedures resulting in robust films are optimal.  
Also of significance is that rapid electron transfer between mediator and electrode is 
achieved so that good response times are obtained.27  Numerous studies have concluded 
that electron transfer rates diminish the farther the mediator is from the electrode, 
particularly if it is bonded to the electrode via linker groups.30       
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     The correct choice of electron transfer mediator for a particular application is highly 
dependent on the mediator’s redox potential, its electron transfer kinetics, and the 
chemical reversibility of the redox couple.  With these criteria in mind, cyclopentadienyl-
containing organometallic species should be excellent candidates for systematic studies 
of electron transfer mediation, particularly sandwich and half-sandwich compounds.  
Ferrocene, for instance, exhibits a one electron, nernstian oxidation at E1/2 = 0.48 V vs. 
SCE (in CH2Cl2/[NBu4][PF6]),31 and the oxidized form, ferrocenium, is an extremely 
stable species.  By altering the cyclopentadienyl (Cp) ligand to contain electron donating 
or withdrawing functionalities, it is possible to tune the oxidation potential to a desired 
value.32  Acetylferrocene is oxidized at E1/2 = 0.75 V,33 while aminoferrocene is oxidized 
at E1/2 = 0.11 V.34  Ruthenocene is oxidized at E1/2 = 0.89 V,35 with some dimerization 
occurring upon oxidation.  Cobaltocenium exhibits a one electron, nernstian reduction at 
E1/2 = -0.84 V, although the resulting 19 e- cobaltocene is susceptible to chemical 
decomposition in the presence of oxygen.36  Half-sandwich compounds such as 
MnCp(CO)3 (cymantrene, E1/2 = 1.48 V)37 and ReCp(CO)3 (E1/2 = 1.64 V)38 are also of 
interest, not only because of their highly positive redox potentials but because of the 
carbonyl ligands which can potentially be used as spectroscopic labels.39  Furthermore, 
carbonyl substitution reactions are well-known for many half-sandwich species, 
providing an additional means to alter redox potentials in a favorable direction using 
appropriate ligands.             
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1.3.  Surface immobilization via the diazonium salt method 
 
1.3.1.  Background and general applicability 
 
     In 1992, Pinson and Saveant discovered that the reduction of aryl diazonium salts at 
carbon surfaces leads to the loss of dinitrogen and attachment of the resulting radical 
species to the electrode surface.18  It was previously known that reduction of such salts 
often resulted in electrode adsorption,40 but the method was not considered as an 
approach to producing surface films.  Scheme 2 shows how this process is believed to  
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Scheme 2 
work.  The mechanism is considered to be a concerted one in which electron transfer and 
cleavage of dinitrogen occur simultaneously,41 meaning that the resulting aryl radical is 
produced right at the electrode surface.   The irreversible reduction occurs at very low 
cathodic potentials (Epc = ca. 0.2 to -0.2 V), which ensures that the aryl radical is not 
further reduced as soon as it is formed, as is the case for aryl halides.42,43  See Figure 1a 
for a CV of 4-nitrobenzenediazonium in CH3CN/[NBu4][BF4] from the original paper by 
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Pinson and Saveant,18 showing both the irreversible diazonium reduction and the 
reversible nitrophenyl reduction.  As evident here, the low reduction potential of 
diazonium species has an additional advantage in that other reducible functionalities (e.g. 
nitro groups) may be incorporated into the modifier without complicating the 
modification procedure.   
     Following modification, electroactive groups contained in the surface film can be 
observed by CV measurements in analyte-free solution.  Figure 1b shows CVs taken 
using an electrode previously modified by reduction of 4-nitrobenzenediazonium.  In 
general, these films cannot be removed by any method other than mechanical polishing or 
scratching, and remain on electrodes even after sonication in various solvents and 
following exposure to strongly acidic or basic conditions. This is taken as evidence that  
 
8 uA
0.6 -0.6 -1.6
E (Volt vs. SCE)
0.6 -0.6 -1.6
E (Volt vs. SCE)
2.5 uA
a b
 
Figure 1.  (a) CV of 0.7 mM 4-nitrobenzenediazonium tetrafluoroborate in 
CH3CN/[NBu4][BF4] at a GCE, ν = 0.2 V s-1.  (b) CV taken with a derivatized GCE in 
CH3CN/[NBu4][BF4] after grafting (solid line) and after 6 months (dashed line) (b).  
Figures taken from Ref. 18.  
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the bonding between aryl groups and electrode surfaces is of a covalent nature.  Further 
evidence of covalent attachments is supplied in a review article by Pinson and 
Podvorica.19 
     One of the primary appeals of surface modification using diazonium reductions is that 
it is considered easy to perform.  For aryl diazonium salts, the most common solvent used 
is CH3CN, mainly due to the high solubility of the salts in this solvent.  Conceivably, 
almost any moderately polar solvent should be suitable, although certain salts could be 
prone to nucleophilic attack by high-donor solvents.  Acidic aqueous solutions have been 
used successfully for some salts.  Regardless of solvent, a solution is prepared which 
contains a millimolar amount of the diazonium salt in an electrolyte medium ([NBu4][BF4] 
commonly used in organic solvents), the working electrode is cleaned thoroughly, most 
typically by polishing and sonication, and a potential negative of the diazonium reduction 
is applied.  This is most often done by repetitive CV scans, in which the irreversible 
reduction is observed on the first scan but not on consecutive scans, due to passivation of 
the surface by the attached organic moieties.  A general description of electrode 
preparations and CV deposition is provided by McCreery.44  Modification is often 
achieved using a constant controlled potential rather than CV scans.  Exclusion of oxygen 
from the deposition solution is not a necessity, as the reduction resulting in the loss of 
dinitrogen occurs at a much lower potential than the reduction of oxygen.  Following the 
deposition procedure, the electrode is rinsed or sonicated in a suitable solvent, and is 
placed in a new solution consisting of only solvent and electrolyte.  If the species on the 
surface is electroactive (e.g. nitrophenyl), the redox process can be observed by CV, with 
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the resulting wave commonly referred to as a surface wave (e.g. Figure 1b).  Otherwise, 
coating is evidenced by passivation effects when other analytes are introduced to the 
electrochemical solution, or by techniques other than electrochemistry.  Films produced 
by this method are usually robust, and show little degradation over time.  This is an 
important point when considering many applications, such as corrosion protection or 
sensor development.   
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1.3.2.  Surface characterization techniques      
 
     Many characterization techniques have been employed to confirm the presence and 
amounts of attached species on electrodes.  CV measurements are most common with this 
particular attachment method, useful in determination of redox potentials and 
quantification of the amount of electroactive species present.  Quantification is achieved 
by integration of the area under a surface wave, which yields the number of electroactive 
molecules.  If the electrode area is known with certainty, an estimation of film thickness 
can be obtained.  This method has some drawbacks however, as background currents are 
a problematic interference, and knowledge of molecular orientation or packing is not 
achieved.  As discussed later, it is well-known that diazonium modifications often result 
in loosely-packed multilayer films. 
     X-ray photoelectron spectroscopy (XPS) is one of the most useful techniques for 
identifying molecules on surfaces, in both qualitative and quantitative fashion.45  On 
carbon surfaces, identification of species is limited to those containing elements besides 
carbon and oxygen due to background signals arising from the surface material.  Surface-
enhanced Raman46 and grazing angle47 or reflectance IR spectroscopy48 have proven to 
be useful in selected cases, and have been used in quantitative means by integrating 
pertinent signals.  Atomic force microscopy (AFM) has been used by several groups in 
uniformity and thickness determinations of modified layers.  One approach is to use a 
scratching technique, whereby a cantilever is used to first etch a section of the modified 
material down to the electrode surface, with a second cantilever responsible for 
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measuring the depth of the groove created.49  Surface ellipsometry has also been used to 
measure film depth with good success.50   
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1.3.3.  Film organization      
 
     A large number of aryl diazonium compounds have been used for electrode 
modifications, and dozens of publications are available that cover these.  For the most 
part, small molecules have been used, though recently incorporation of diazonium 
functionalities into large molecules such as enzymes has enabled their robust attachment 
to electrodes.51  A note worth stressing is that the diazonium functionality must be 
directly bonded to an aryl ring in order to stabilize the radical formed upon loss of N2.  
The technique works with a wide variety of surfaces, including carbon (glassy carbon 
(GC), highly-ordered pyrolytic graphite (HOPG), pyrolyzed photoresist (PPF), carbon 
fibers,52 nanotubes,53 diamond54), semiconductors (Si, GaAs)19,55, and metals (Au,56 Pt,57 
Fe,58 Zn,58,59 Ni,60 Cu,61 Pd62), and in certain cases the modification has been observed to 
occur spontaneously in solution without any applied potential.58,60,63  This last finding is 
attributed to the fact that the open circuit potentials of certain metals are sufficient to 
reduce diazonium salts (e.g. open circuit potential of Cu: ca. 0.0 V vs. SCE). 
     A very important consideration regarding surfaces prepared by any method is how the 
molecules are arranged on the surface.  SAMs, for instance, are known to form well-
ordered, close-packed monolayers, although increasing disorder has been observed with 
increasing length of the attached molecules.64  It is relevant at this point to bring to the 
discussion the concept of surface coverage (Γ) of a modified material, which is defined as 
the number of molecules per unit area.  If molecular orientation is known, as well as the 
geometric area of those molecules, it is straightforward to calculate Γ for a close-packed 
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monolayer, ΓCPML.  However, if the attached molecules are disordered in an unknown 
manner, a determination of Γ can give no indication of mono- or multilayer formation.   
     Much of the early literature on diazonium-modified surfaces reported values of Γ 
obtained by integration of surface waves (e.g. nitrobenzene).  Nearly all of these results 
correspond to a surface coverage that is close to or less than that calculated for ΓCPML, 
leading to the conclusion that multilayer formation does not occur with this method.  
Later studies that correlated AFM and CV integration results deemed this conclusion 
untrue, as molecules in films produced by the diazonium method are not generally close-
packed.  It is now known that extensive multilayer formation can occur, most likely by an 
aromatic homolytic substitution reaction.65  This process is illustrated in Scheme 3 for a 
surface modified using 4-nitrobenzenediazonium.  An alternate explanation for multilayer 
formation is that charge transfer from the electrode and through surface molecules leads 
to radical formation at the via diazonium reduction at the solution/film interface. 
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Scheme 3 
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     Downard has conducted a systematic study that compares surface coverages 
determined by CV integration with those determined by AFM measurements.  The study 
employed pyrolyzed photoresist films as the substrate and 4-nitrobenzenediazonium as 
the modifier.66  She found that by CV integration, when Γ ≈ ΓCPML, the height of the film 
measured by AFM did not correspond to a monolayer, but instead was about four aryl 
groups high.  From this data, the compactness of the layer was calculated, and determined 
to be only 21 % of that for a close-packed monolayer.  Downard has also studied the 
effects of applied potential and deposition time on Γ for the reduction of 4-
nitrobenzenediazonium, although coverages were determined only by the CV integration 
method.  The results are provided in Table 1.66  Although the results are limited, two 
important conclusions can be reached.  First, Γ increases with Eapp, presumably because 
the electrode passivation results in a decrease in the rate of electron transfer through the 
modified film, overcome by the use of a large overpotential.  Second, it appears that the 
films are self-limiting, as no additional coverage is observed past a certain deposition 
time.  It is interesting that the films are self-limiting, even taking into account the 
increasingly slow electron transfer rate through thicker films.  If the mechanism for film 
growth is, in fact, Aromatic Homolytic Substitution, no electron transfer should be 
required for multilayer formation.  It is possible that the CV integration technique is 
flawed in that reduction of nitro groups far away from the electrode surface is inhibited 
due to slow charge transfer.  Downard did not explore this possibility, as at multilayer 
formation was not considered. 
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Eapp relative to diazonium 
reduction (V)a 
Modification time 
(min) 
Γ (x 10-10 mol cm-2) 
-0.25 10 6 ± 1 
-0.25 100 5 ± 1 
-0.50 10 12 ± 1 
-0.75 10 19 ± 1 
-0.75 100 19 ± 1 
   
a
 Ep for diazonium reduction recorded as -0.31 V vs. FeCp20/+ at ν = 0.2 V s-1 
 
Table 1.  Effect of Eapp and electrolysis time on Γ, as determined by CV integration, for 
4-nitrophenyl modified carbon electrodes.  
 
     When electroactive species are contained in multilayer films, the electrochemistry of 
the confined species may be quite different than that typically observed in solution.  
Diffusion of the confined species need not be considered, and ion pair formation and 
solvation processes will be different.  Although not yet specifically addressed for 
diazonium modified surfaces, Creager and coworkers67 have studied the oxidation of 
ferrocene incorporated into alkanethiolate-based SAMs, and noted that the apparent 
formal potential is strongly dependent on the nature and concentration of the electrolyte, 
especially the anion.  Furthermore, films containing embedded ferrocene units as opposed 
to those with ferrocene units at the solution/film interface show a higher formal oxidation 
potential.  Related to this is the finding by Marcus that apparent electron transfer rate 
constants are a result of both the electron transfer event and the ion transport event.68  It is 
reasonable to conclude therefore, as Creager did, that buried ferrocene groups are 
oxidized at higher apparent potentials due to slow diffusion of counteranions into the film.  
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An earlier study by Elliott69 showed that polymer films containing RuL32+ species, which 
ordinarily exhibit reduction by 6 e- in three separate steps, exhibit only a single 2 e- 
reduction when a polymeric cation is used as the electrolyte.  In this case, the inability of 
cations to enter the film inhibits ion pair formation with anionic species, and as a 
consequence reduction does not occur.  Scheme 4 illustrates this effect. 
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Scheme 4 
 
     Under specific conditions, some groups have reported the ability to form monolayers 
using diazonium reduction.  For instance, McCreery has been able to obtain monolayers 
on PPF, as determined by AFM, using one CV scan from +0.2 to -0.4 V vs. SCE for 
various diazoniums such as stilbene- or benzenediazonium at a concentration of 1 mM in 
CH3CN.49  Allongue was able to achieve organized monolayers, as determined by STM, 
of bromobenzene on Si(111) by controlling the charge consumed during controlled 
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potential electrolysis.55(b)  The ability to limit film thickness to a monolayer is necessary 
for particular applications, as discussed below. 
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1.3.4.  Selected applications  
 
     Potential applications of the diazonium modification technique are countless.  
Graphite modified with lithium benzoate multilayers or nitrophenyl multilayers have 
shown promise as anode materials in lithium ion batteries.70  Catalytic reduction of 
hydrogen peroxide has been accomplished with electrodes coated using diazonium-
modified enzymes such as horseradish peroxidase.51(d)  O-aminophenyl films have been 
used for the electrocatalytic detection of NADH and hydrazine,71 and numerous reports 
are available regarding the electrocatalytic reduction of oxygen.72  Recently, DNA has 
been immobilized on electrode surfaces, allowing for the detection of DNA with specific 
nucleotide sequences.51(c)   
     A more unique application, already explored in some detail, is the production of 
molecular junctions by electron-beam deposition of a metal layer (Ti or Hg) onto 
previously modified electrodes.73  In one case, nitroazobenzene (NAB) junctions exhibit 
a change in conductance between the two conducting surfaces depending on the voltage 
applied to the electrode.74  This “conductance switching” is attributed to a change in the 
NAB molecules from a “phenyl-type” structure to a “quinoid-type” structure (Scheme 5), 
and shows promise in the production of molecular electronic circuits.  The exact 
orientation of NAB on electrode surfaces is not confirmed, so Scheme 5 is only an 
idealized picture. 
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Scheme 5 
 
     Several groups have been able to perform chemical modifications on surfaces already 
modified by the diazonium method.  For instance, nitrophenyl films were reduced by 
exposure to ethanolic KCl solution to produce nitroaniline films, and the amine 
functionality was used for further modifications.  In one case, glutathione was 
successfully reacted with surface amines and the resulting electrode exhibited improved 
sensitivity towards the reduction of Cu2+.74   In a much different type of surface reaction, 
4-benzoylphenyl moieties attached to iron surfaces were covalently bonded to thin layers 
of polystyrene using a UV photolysis procedure.75  This has very important implications 
regarding corrosion protection.  Also noteworthy is the production of copper-modified 
carbon electrodes using 4-sulfophenyl moieties previously bonded by the diazonium 
method.76  Following electrostatic binding of Cu2+ to the sulfophenyl groups, chemical or 
electrochemical reduction yielded metallic copper on the carbon surfaces.  The utility of 
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diazonium-modified surfaces can be vastly extended by exploiting functional group 
reactivity to alter already modified materials.           
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1.4.  Conclusions 
 
     In an attempt at preparing robust organometallic films on electrode surfaces, our 
approach was to extend the diazonium modification technique to half-sandwich and 
sandwich cyclopentadiene complexes.  Only two such diazonium complexes have been 
prepared previously, [Mn(C5H4N2)(CO)3][BF4]77 and [CoCp(C5H4N2)][PF6]2, 78,79 the 
latter having never been isolated as a pure compound.  No electrochemistry had been 
conducted on these species, although similar reductive behavior to aryl diazonium salts 
was anticipated.  For both C5H4N2 and C6H4RN2 moieties, loss of dinitrogen is presumed 
to result in radical formation that gains stabilization from a conjugated ring.  There is no 
precedence, besides the work presented here, for preparing organometallic electrodes 
with a direct bond between an electrode and a C5 ring.  With regard to using 
organometallic films as electron transfer mediators, it has been shown that the farther the 
metal is from the electrode, the slower the rate of electron transfer from analyte to metal 
(assuming the metal is not also buried, inhibiting ion diffusion).  Considering the lack of 
any spacer groups, modification using the diazonium technique should be ideal for fast 
kinetics. 
     The research presented in this section is oriented towards producing organometallic 
electrodes, specifically half sandwich and sandwich cyclopentadiene complexes, using 
the method of diazonium reduction.  Being able to directly attach different Cp groups to 
electrode surfaces has many implications, as the redox chemistry of the corresponding 
organometallic complexes is quite diverse.  The potential associated with a particular 
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redox couple is of significance when designing a catalyst or sensor, and these compounds 
offer access to a wide range of potentials.  Furthermore, follow up reactions such as 
carbonyl substitution or dimerization can occur under certain circumstances, and these 
can be of particular interest when examined as elements of electrode films.  This being 
the first ever study on organometallic diazonium electrode modifications, much basic 
research is presented which entails diazonium preparations, stabilities, and 
electrochemical behavior in various media.    
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Chapter 2.  Diazonium preparations 
 
2.1.  Preparation of [CoCp(η5-C5H4NH2)][PF6], MCp(η5-C5H4NH2) (M = Ru, Os), 
RuCp(η5-C5H4(C6H5NH2)), and M’(η5-C5H4NH2)(CO)3 (M’ = Mn, Re) 
 
2.1.1.  Preparation of [CoCp(η5-C5H4NH2)][PF6], 1 
 
     The synthesis of 1 has previously been accomplished by Sheats and Rausch.1  The 
same five-step synthetic procedure was adopted here, with slight variations in the 
procedure and characterization methods, as discussed below.  Otherwise, synthetic 
procedures were identical to those given in the literature.   
     The first step, in which [CoCp(η5-C5H4CH3)][PF6], [Co(η5-C5H4CH3)2][PF6], and 
[CoCp2][PF6] are prepared, yielded 24 g (20 %) of the mixture, starting from 83 g (0.40 
mol) anhydrous cobalt(II) bromide (Strem).  This is the only step that necessitated 
Schlenk conditions.  The use of charcoal for clarification prior to product precipitation 
was omitted, and an excess of NH4PF6 (60g, 0.37 mol) was used in the precipitation step.  
NMR spectroscopy of the mixture in CD3NO2 and CD3COCD3 proved to be inconclusive 
in determining product ratios.  In the literature trifluoroacetic acid was employed as an 
NMR solvent, but CD3NO2 was used here.  1H NMR (CD3NO2): δ (ppm vs. TMS) 5.68 
(s), 5.67 (t), 5.63 (t), 5.55 (s), 2.16 (s), 2.14 (s).  The spectrum is shown below in Figure 2, 
in which the signal at 5.67 ppm is attributed to [CoCp2][PF6], the signal at 5.63 ppm to 
the monomethylated product, and the signal at 5.55 ppm to the dimethylated product. 
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Figure 2.  1H NMR spectrum in CD3NO2 of product mixture from the first step in the 
synthesis of 1.  
 
     [CoCp(η5-C5H4COOH)][PF6] and [Co(η5-C5H4COOH)2][PF6] were prepared starting 
from 22 g of the above mixture.  Following the reaction, performed exactly as in the 
literature, the hot solution was filtered through a medium porosity sintered glass filter, 
and the mixture of products precipitated using 13.0 g (0.076 mol) NH4PF6.  The 
differences in product solubilities in acetone were used to separate the species.  The 
monocarboxylated product is quite hygroscopic, requiring vacuum drying at 100° for 30 
min following isolation.  The final yield was 11 g [CoCp(η5-C5H4COOH)][PF6].  1H 
NMR (CD3COCD3): δ (ppm vs. TMS) 6.35 (t, 2H), 6.11 (t, 2H), 6.05 (s, 5 H).  IR (KBr): 
ν 3120, 3000-2500 (OH), 1710 s, 1490, 1410, 1395, 1295, 1170, 1030 s, 820 s, 552 cm-1. 
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     [CoCp(η5-C5H4COCl)][PF6] was prepared exactly as described in the literature.  10 g 
(0.026 mol) [CoCp(η5-C5H4COOH)][PF6] was used to yield 7.0 g (0.018 mol, 68%) 
product.  1H NMR (CD3COCD3): δ (ppm vs. TMS) 6.57 (t, 2H), 6.29 (t, 2H), 6.22 (s, 5H).  
IR (KBr): ν 3120, 1770 s, 1740 s, 1445, 1420, 1404, 1373, 1240 s, 1048, 945, 820 s, and 
560 cm-1.  [CoCp(η5-C5H4CON3)][PF6] was prepared in 95 % yield (6.5 g from 6.8 g      
[CoCp(η5-C5H4COCl)][PF6]).  However, the reaction time required was 140 min., 
significantly longer than the 30-60 min reported in the literature.  The IR spectrum (KBr) 
was identical to that reported. 
     In the final step, slight variations of the published report were used throughout, and so 
a complete experimental account is supplied here.  3.5 g crude  
[CoCp(η5-C5H4CON3)][PF6] was dissolved in a solution of 17 mL 96 % sulfuric acid and 
3.5 mL 20 % fuming sulfuric acid.  NaN3, 0.50 g, was added, and the solution heated in a 
water bath at 95° for 1 hr.  Gas evolution was apparent for the first several minutes, and 
gradually subsided.  The solution remained yellow/orange for ca. 30 min, then darkened 
over the next 30 min.  The solution was then heated to 120° for 1 additional hour using a 
heating mantle, poured over 50 g of crushed ice, and neutralized by addition of 130 mL 6 
M NaOH.  Dilution with 400 mL of 95 % proof EtOH precipitated a large amount of 
solid sodium sulfate.  The mixture was filtered through a glass frit, and the solid washed 
with 3 x 50 mL 95 % EtOH.  The filtrate was concentrated to 70 mL on a rotary 
evaporator, and 12 g NH4PF6 was added to precipitate 1.  After cooling to 0° for 30 min, 
the yellow/orange product was filtered with paper under vacuum and washed with 20 mL 
cold water.  The product was recrystallized from acetone-chloroform.  Purified yield was 
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2.3 g of 1.  1H NMR (CD3NO2): δ (ppm vs. TMS) 5.45 (s, 5H), 5.37 (t, 2H), 5.25 (t, 2H).  
IR (KBr): ν 3500, 3400, 3240, 3120, 1630 s, 1530 s, 1410, 1380, 1050 w, 1030 w, 1010 
w, 830 s, 560, and 440 cm-1.  Anal. Calcd for 1: C, 34.41; H, 3.18; N, 4.01. Found:  C, 
33.93; H, 3.49; N, 3.94. 
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2.1.2.  Attempted preparations of MCp(η5-C5H4NH2) (M = Ru, Os) 
 
     An adaptation of a published report on the synthesis of ferrocenylamine2 was used to 
prepare both title complexes.  Only the procedure for the Os complex is given here, as the 
Ru preparation was conducted in exactly the same manner.  It seemed apparent from both 
the product solubilities and NMR data that the desired compounds had been made, 
although elemental analysis of the Os complex does not confirm expectations.  While it is 
possible that the amine product decomposed in transit, it is unlikely.  Unfortunately, the 
data on the characterization of the Ru complex is not available.  The conclusion at this 
point is that these amine compounds were not made successfully, although the attempted 
preparation of OsCp(η5-C5H4NH2) is included here as reference to future work in this 
area.    
     Under Schlenk conciliations, 1.60 g (5.0 mmol) OsCp2 was dissolved in 5 mL THF at 
0°.  To this was added 5.0 mL of a 1.5 M t-BuLi solution (0.85 mmol) in pentane, and the 
solution allowed to warm to room temperature over 20 min.  The mixture was cooled to  
-70°, and 0.685 g (4.75 mmol) α-azidostyrene was added.  The mixture was slowly 
warmed to -10°, and 4.5 mL 3 N HCl was added, and nitrogen evolution was evident.  
The solution was allowed to warm to room temperature over 30 min, at which point it 
was poured into 5 mL water and washed with 3 x 15 mL OEt2.  The water layer was 
cooled to 0°, and 0.75 g NaOH dissolved in 5 mL water was added dropwise.  The solid 
was filtered and washed with water.  1H NMR (CD3Cl): δ (ppm vs. TMS) 4.58 (s, 5H), 
4.36 (t, 2H).  Anal. Calcd: C, 35.82; H, 3.28; N, 4.18.  Found: C, 37.48; H, 2.73; N, <0.02.  
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Although the NMR spectrum is indicative of a sandwich compound with one 
monosubstituted Cp ring, elemental analysis indicates the substituent is not an amine. 
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2.1.3.  Preparation of RuCp(η5-C5H4(C6H5NH2)), 2 
 
     A four-step synthetic procedure was used for the preparation of 2, as shown in Scheme 
6.  Schlenk conditions were used throughout, unless otherwise mentioned.  The first  
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Scheme 6 
 
two steps have been described before,3 and are an adaptation from procedures developed 
for the Fe analogue.4,5  1.0 g (4.33 mmol) RuCp2 was dissolved in 32 mL hexanes and 
0.41 mL (4.30 mmol) BBr3 (Acros) was added dropwise over 10 min.  This exact 
stoichiometry was necessary for successful generation of RuCp(η5-C5H4BBr2).  The 
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solution was refluxed for 1 hr.  Separately, 0.67 g (5.2 mmol) pinacol (Acros) was 
dissolved in 75 mL THF at 0°, and 6.0 mL of 2 M (12 mmol) n-BuLi in hexanes was 
added over 10 min.  To this solution was added the RuCp(η5-C5H4BBr2) solution, now at 
0°.  The mixture was stirred for 10 min, at which point the solvent was removed in vacuo 
at room temperature.  The solid residue was redissolved in 40 mL benzene and washed 
using water saturated with NH4Cl.  The organic layer was separated using a separatory 
funnel and then dried over MgSO4 for 2 hr, filtered, and the solvent removed in vacuo at 
room temperature.  The product was purified using column chromatography (deactivated 
alumina, 1:1 benzene:ethyl acetate), from which 1.0 g (65 %) of the desired boronate 
ester was obtained.  Recrystallization was achieved from warm/cold hexanes.  1H NMR 
(CD3Cl): δ (ppm vs. TMS) 1.28 (s, 12H), 4.53 (s, 5H), 4.71 (t, 2H), 4.75 (t, 2H).  Anal. 
Calcd:  C, 53.79; H, 5.87; N, 0.00.  Found:  C, 54.02; H, 5.73; N, <0.02.   
     In the next step, a Pd-catalyzed cross-coupling reaction was used to produce  
4-nitrophenylruthenocene.  This reaction has previously been accomplished with the Fe 
analogue.6  0.34 g (0.96 mmol) of the ester was weighed along with 0.094 (0.47 mmol) g 
p-C6H4(NO2Br) in a glass test tube.  To this was added 0.011 g (0.013 mmol) 
Fe(C5H4)2(PPh)2PdCl2 and 3 mL dimethoxyethane.  Finally, 3 mL of 3 M aqueous NaOH 
was added, and the tube was sealed by melting the glass under nitrogen.  This tube was 
placed inside of a steel vessel for safety, and heated at 120° in an oven for 48 hr.  After 
cooling, CH2Cl2 was added, the organic layer washed with water, then dried over MgSO4 
for 2 hr.  The nitrophenyl product was purified using column chromatography (silica gel).  
Elution with 1:2 CH2Cl2:hexanes gave unreacted RuCp2, and elution with 1:1 
42 
 
 
 
 
CH2Cl2:hexanes gave the desired product, RuCp(η5-C5H4PhNO2).  1H NMR (CD3Cl): δ 
(ppm vs. TMS) 8.07 (d, 2H), 7.48 (d, 2H), 5.10 (t, 2H), 4.76 (t, 2H), 4.47 (s, 5H).  Anal. 
Calcd: C, 54.54; H, 3.69; N, 3.98.  Found: C, 54.53; H, 3.48; N, 4.08.   
     A typical procedure was used for reduction of nitrophenylruthenocene to the 
corresponding amine.7  0.352 g (1.0 mmol) RuCp(η5-C5H4PhNO2) was dissolved in 4 mL 
THF and cooled to 0°.  To this was added 0.040 g Pd/C (Acros) and the mixture was 
stirred.  0.094 g (2.5 mmol) NaBH4 was added over 10 min, and the mixture was stirred 
at room temperature for 30 min.  Excess BH4- was neutralized by addition of 2 M HCl 
until a pH of 6 was attained.  30 mL Et2O was added, the mixture was filtered, and the 
organic layer was washed with water to remove any remaining THF.  The organic layer 
was dried over MgSO4 for 2 hr, and the solvent evaporated to yield pure 2.  1H NMR 
(CD3Cl): δ (ppm vs. TMS) 7.18 (d, 2H), 6.56 (d, 2H), 4.93 (t, 2H), 4.59 (t, 2H), 4.45 (s, 
5H).  Anal. Calcd: C, 59.61; H, 4.65; N, 4.34.  Found: C, 58.95; H, 4.84; N, 3.80. 
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2.1.4.  Preparation of M’(η5-C5H4NH2)(CO)3 (M’ = Mn, 3, Re, 4) 
 
Preparation of Mn(η5-C5H4NH2)(CO)3, 3.  This compound was prepared through an 
adaptation of the literature procedure.8  In a nitrogen atmosphere, 2.00 g (9.8 mmol) 
MnCp(CO)3 was reacted with 6.25 mL (10.0 mmol) n-BuLi (1.6 M in hexanes) in THF at 
-78°.  After stirring for 1 hr, 2.19 g (11.1 mmol) tosyl azide9 was added and the mixture 
was allowed to warm to room temperature.  After 14 hr, the solvent was removed in 
vacuo and the remaining black residue was dissolved in 35 mL 95 % EtOH.  All 
successive procedures were conducted without exclusion of air.  2.10 g (10.7 mmol) 
NaBH4 dissolved in 35 mL 95 % EtOH was added dropwise, and an exothermic reaction 
was observed.  The reaction was allowed to proceed for 45 min, followed by solvent 
removal in vacuo.  The product was extracted from the resulting oily solid with 5 x 20 
mL OEt2, after which the solvent was evaporated, yielding a dark orange oil. Warm (50°) 
hexanes, 5 x 30 mL, was then used to extract a mixture of 3 and any remaining starting 
material.  The resulting yellow solution was slowly evaporated under a stream of nitrogen 
until yellow crystals began to form.  The mixture was then cooled at -20° for 1 hr, 
yielding 0.86 g (3.92 mmol, 40 %) pure 3 as yellow crystals.  X-ray quality crystals were 
obtained by dissolving 20 mg 3 in 2 mL warm hexanes and allowing the solution to sit at 
room temperature for two days.  Anal. Calcd for 3: C, 43.87; H, 2.74; N, 6.40.  Found: C, 
44.03; H, 2.83; N, 6.38.  IR (CH2Cl2):  νNH 3458 w, 3386 w, νCO 2012 s, 1921 vs cm-1.  
1H NMR (CDCl3):  δ (ppm) 4.52 (t), 2H, 4.26 (t), 2H.  
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Preparation of Re(η5-C5H4NH2)(CO)3, 4.  Although this compound has been reported 
by Nesmeyanov et al., 10 the improved approach to aminocyclopentadienyl complexes 
used by Barybin et al.8 for the preparation of 3 was adapted here for the synthesis of the 
Re analogue. After cooling a solution of 0.20 g (0.60 mmol) ReCp(CO)3 in 3.2 mL THF 
to -78°, 0.4 mL (0.64 mmol) n-BuLi (Acros, 1.6 M in hexanes) was added with stirring in 
a nitrogen atmosphere. After 50 min, 0.25 g (1.27 mmol) tosyl azide9 was added, and the 
resulting solution was allowed to warm to room temperature over the course of 1 hr, 
followed by stirring for an additional 12 hr.  Procedures after this point did not require 
the exclusion of air.  An NMR spectrum was obtained which indicated the presence of the 
cyclopentadienyl azide complex (1H NMR (CD2Cl2): δ (ppm vs. TMS) 5.33 (t, 2H), 5.22 
(t, 2H)). The solvent was removed in vacuo, and the remaining brown solid dissolved in 
4.0 mL of 95% EtOH. To this was slowly added 0.095 g (2.51 mmol) NaBH4 in 3.5 mL 
of 95% EtOH, during which an exothermic reaction was evident. After 45 min, the 
solvent was removed and the light brown solid was extracted with 4 x 20 mL of diethyl 
ether.  Evaporation of the ether gave a white solid that contained a mixture of starting 
material and 4. Recrystallization at room temperature from CH2Cl2/hexanes gave pure 4 
in 83-94 mg (40-45 %) yield.  1H NMR (CD2Cl2): δ (ppm vs. TMS) 4.99 (t, 2H), 4.87 (t, 
2H), 3.31 (broad s, 2H).  IR (CH2Cl2):  νCO 2017 vs, 1919 vs cm-1.  Anal. Calcd for 4: C, 
27.51; H, 1.73; N, 4.01.  Found: C, 27.65; H, 1.66; N, 3.89.  IR (CH2Cl2):  νCO 2017 vs, 
1919 vs cm-1.   
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2.2.  Preparation of [CoCp(η5-C5H4N2)][PF6]2, 5,  and [Mn(η5-C5H4N2)(CO)3][A]  
(A = PF6 or BF4) 
 
2.2.1.  Preparation of [CoCp(η5-C5H4N2)][PF6]2, 5 
 
    [CoCp(η5-C5H4N2)]2+ is reported in the literature as a dichloride salt in aqueous 
solution,1 but the diazonium compound had not previously been isolated.  The reactions 
and products discussed here were determined to be only slightly air sensitive, and 
Schlenk conditions were not necessary for the preparation of 5.  Once prepared, however, 
5 should be stored under nitrogen until further use.  0.10 g (0.29 mmol) 1 was dissolved 
in 10 ml 6 M HCl and cooled to 0°.  To this was added 0.030 g (0.44 mmol) NaNO2 
dissolved in 1 ml H2O at 0°, at which time a color change from yellow to dark orange was 
observed.  The solution was stirred for 10 min, and 0.20 g (1.23 mmol) NH4PF6 dissolved 
in 2 ml H2O was added dropwise, producing a yellow precipitate.  After 10 min, the solid 
was filtered through paper and washed with cold H2O, then allowed to air-dry for 1 hr, 
yielding 0.070 g (0.14 mmol, 48 %) of the desired diazonium salt.  5 was recrystallized 
from CH3NO2/CH2Cl2, and X-ray quality crystals were obtained in the same fashion.  1H 
NMR (CD3NO2):  δ (ppm) 7.22 (t, 2H), 6.52 (t, 2H), 6.50 (s, 5H).  IR (KBr):  ν N═N+ 2298 
w, ν
 PF6- 830 s cm-1 .  Anal. Calcd for 5: C, 23.73; H, 1.79; N, 5.54.  Found: C, 24.27; H, 
2.05; N, 5.52. 
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2.2.2.  Preparation of [Mn(η5-C5H4N2)(CO)3][A] (A = PF6, 6 or BF4, 7)   
     
     As in the literature, successful diazotization of aminocymantrene can be accomplished 
using isoamyl nitrite in isopropanol saturated with HCl gas.11  However, pure product 
was not obtained with this method, so an aqueous synthesis quite similar to that used for 
the synthesis of [CoCp(η5-C5H4N2)][PF6]2 was adopted.  Schlenk techniques were not 
necessary for this procedure.  First, 0.100 g (0.46 mmol) Mn(η5-C5H4NH2)(CO)3, 3, was 
added to 12 ml 6 M HCl.  Only a small amount of the amine dissolves in this medium, 
but this is not problematic.  The solution was cooled to 0° and 0.065 g (0.94 mmol) 
NaNO2 dissolved in 1 ml H2O at 0° was added.  The color immediately changed from 
yellow to dark red, with some gas evolution.  After 5 min, a small amount of solid 
starting material remained, and was removed using glass wool filtration.  Next, 0.150 g 
(0.92 mmol) NH4PF6 dissolved in 1 ml H2O was added dropwise, resulting in an orange 
precipitate.  After 5 min, the product was filtered through paper, resulting in 0.103 g 
(0.27 mmol, 59 %) 6.  Although relatively stable as a solid, all attempts at 
recrystallization of this compound resulted in its rapid decomposition as precipitate began 
to form.  1H NMR (CD3NO2):  δ (ppm) 6.60 (t, 2H), 5.63 (t, 2H).  IR (CH3NO2): νCO 
2058 s, 1992 s cm-1.  Anal. Calcd for 6:  C, 25.55; H, 1.07; N, 7.45.  Found:  C, 26.43; H, 
1.31; N, 6.84.     
     For the preparation of [Mn(η5-C5H4N2)(CO)3][BF4], 7, the same procedure was 
followed up to and including filtration with glass wool.  At this point, 0.20 g NaBF4 was 
added (no precipitation was observed), and the solvent was evaporated to dryness on a 
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rotary evaporator.  The resulting orange solid was dissolved in 10 mL CH3NO2, leaving 
solid NaCl which was removed by filtration with glass wool.  The desired BF4 salt was 
obtained by precipitation by Et2O addition or evaporation of CH3NO2.  This salt is 
evidently more stable than 6, as X-ray quality crystals were grown in a CH3NO2/CH2Cl2 
solution over the course of 2 days.  1H NMR (CD3NO2):  δ (ppm) 6.60 (t, 2H), 5.63 (t, 
2H).  IR (CH3NO2): νCO 2058 s, 1992 s cm-1.  IR (KBr): ν N═N+ 2261 w, νCO 2055 s, 1984 
s, νBF4- 1085 s, 1050 s cm-1.  Anal. Calcd for [Mn(η5-C5H4N2)(CO)3][BF4]:  C, 30.23; H, 
1.27; N, 8.82.  Found:  C, 27.90; H, 1.91; N, 7.81.  The fact that the elemental analysis is 
of marginal acceptability, especially regarding nitrogen, may be indicative of the sample 
containing solvent (either H2O or CH3NO2).  As a crystal structure of good quality was 
obtained using crystals grown from this same sample, it is undoubtedly the correct 
compound.  
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2.3.  Failed diazotization reactions of RuCp(η5-C5H4(C6H5NH2)), 2, and  
Re(η5-C5H4NH2)(CO)3, 4 
 
     Other than complexes 1 and 3, diazotization reactions involving the amines mentioned 
in Section 2.1 were not successful.  In all cases in which diazonium salts were not 
isolated, significant gas evolution was evident within seconds of oxidizing agent addition.  
The diazonium salts of these complexes are clearly not stable, likely due to the strong 
electron-withdrawing power of the diazonium functionality.  As almost all isolable 
organic diazonium salts have been shown to be stable in acidic aqueous solutions, as are 
5 and 6, the diazotization of each amine was attempted in either 6 M H2SO4 or HCl, with 
NaNO2 as the oxidizing agent.  The diazotization of compound 2 was also attemped in 
isopropanol/isoamyl nitrite11,12 and acetonitrile/nitrosyl tetrafluoroborate.13  These 
reactions have been successful in the generation of numberous organic diazonium salts, 
but did not work for 2.  Only the procedure for the diazotization of 2 in H2SO4 is given 
below, as the same procedure was employed for other amines, with appropriately 
adjusted reactant quantities.  The diazotization procedures involving organic solvents 
were the same as reported in the literature for organic species.  Schlenk techniques were 
employed for all reactions.     
     To a suspension of 0.032 g (0.1 mmol) 2 in 2 mL degassed 6 M H2SO4 at 0° was 
added 0.007 g (0.1 mmol) NaNO2 dissolved in 0.2 mL water at 0°.  The solution was 
stirred for 5 min before addition of 0.1 mL 5 % (0.8 mmol) HBF4.  Before and during 
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HBF4 addition, significant gas evolution was evident.  A black precipitate formed, but 
NMR spectroscopy showed a complex spectrum with no evidence of the desired product. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
50 
 
 
 
 
2.4.  Crystal structures of [CoCp(η5-C5H4N2)][PF6]2, 5, and  
[Mn(η5-C5H4N2)(CO)3][BF4], 7 
 
     Crystalline 5 is a slightly air-sensitive orange solid, the structure of which is shown in 
Figure 3.  Table 2 lists relevant bond distances and angles for this sample, with collection 
parameters and a complete data set located in the Appendix.  The two Cp rings are almost 
completely eclipsed in 5 in contrast to ferrocene,14 cobaltocene,15 
carboxycobaltocenium16 and other cobaltocenium derivatives,17 which exhibit a nearly 
perfectly staggered conformation in the solid state.  At least two examples do exist for an 
eclipsed conformation, in a pyrrole-derivatized cobaltocenium analogue and  
1,1’-diaminocobaltocenium.18  Distances of Co-C bonds in 5 range from 1.996 Å to 2.065 
Å, within the range observed for cobaltocenium analogues and slightly shorter than that 
observed for cobaltocene (2.079 Å to 2.111 Å).15-18  C-C distances range from 1.412 Å to 
1.433 Å, within the range previously determined for cobaltocene and cobaltocenium 
species.  C-C distances, as well as intra-ring C-C-C angles, do not differ significantly in 
going from the substituted to the unsubstituted ring.     
     The two Cp rings in 5 are not parallel, having a dihedral angle of approximately 3.20°.  
The farthest Cp-Cp distance is near the functionalized carbon C(1), so it is likely that the 
distortion is due to a steric or electronic effect of the diazonium group.  There is little in-
plane bending of the N2 group, as C(2)-C(1)-N(1) and C(5)-C(1)-N(1) angles are similar, 
with values of 124.35° and 123.80°, respectively.  This is not surprising given the 
symmetry of the molecule.  All ring carbons are in approximately the same plane. 
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Figure 3.  Diagram of the molecular structure of 5 with 50 % probability ellipsoids.  
Hydrogens and PF6- counteranions omitted for clarity.  
 
 
Bond lengths (Å) 
Co-C(1)            1.9964(19) Co-C(10)                2.030(2) C(6)-C(10)            1.424(3) 
Co-C(2)              2.058(2) N(1)-N(2)               1.094(3) C(7)-C(8)              1.425(3) 
Co-C(3)              2.065(2) N(1)-C(1)               1.389(3) C(8)-C(9)        1.427(3) 
Co-C(4)              2.053(2) C(1)-C(2)               1.429(3) C(9)-C(10)            1.421(3) 
Co-C(5)              2.045(2) C(1)-C(5)         1.433(3) Co-to-center C5N2     1.646  
Co-C(6)              2.037(2) C(2)-C(3)         1.416(3) Co-to-center C5         1.633 
Co-C(7)              2.040(2)   C(3)-C(4)         1.422(3)  
Co-C(8)              2.032(2) C(4)-C(5)               1.412(3)  
Co-C(9)              2.028(2) C(6)-C(7)         1.420(3)  
Bond angles (degrees) 
N(2)-N(1)-C(1)     176.2(2) N(1) out of C5N2 plane        3.67  
Co-C(1)-N(1)         127.85 N(2) out of C5N2 plane        5.22  
 
Table 2. Selected bond lengths (Å) and angles (degrees) for 5. 
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The C(1)-N(1) bond is bent out of the C5 plane by 3.67° (away from the Co center), with 
the N(1)-N(2) bond being bent a further 1.55o (3.67° subtracted from 5.22°) out of the 
plane.  The overall C-N-N angle is 176.2°.  The N2 bending is either directly or indirectly 
due to an electronic effect, depending on how much charge density is located at the N2 
group.  If the charge density is high, significant electrostatic repulsion may arise from a 
through bond or through space interaction.  Related to this, examination of counterion 
placement in 5 shows that both PF6- anions are close to N(2), with P-N(2) distances of 
4.129 Å and 3.838 Å.  One of these ions is also significantly closer to the Co center, at a 
distance of 4.992 Å, while the other is farther away, at 7.798 Å.  Besides implying a 
strong positive charge at the N2 group, the placement of the two counterions in proximity 
to each other may produce a steric effect that displaces the ring substituent.  Out-of-plane 
bending of diazonium groups has been observed previously in organic aryl diazonium 
salts, but has not been investigated in detail.17  C-N and N-N bond distances, 1.389 Å and 
1.094 Å, respectively, are very close to analogous distances observed in various organic 
diazonium cations such as 2-diazonium benzoic acid, 2-diazonium benzoate, 8-
(methylthio)-1-naphthalenediazonium, and β,β-diethoxyethenediazonium.19,20  This 
indicates that bond strengths for the Cp-bound diazonium functionality in 5 are not 
dissimilar to organic species.        
     Crystalline 7 is an air-sensitive orange solid, the structure of which is shown in Figure 
4.  Table 3 lists relevant bond distances and angles for this sample, with collection 
parameters and a complete data set located in the Appendix.  A striking feature regarding 
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Figure 4.  Diagrams of the molecular structure of 7 with 50 % probability ellipsoids.  
Hydrogens and BF4- counteranion omitted for clarity.  Left: Side view. Right: Top view. 
 
 
Bond lengths (Å) 
Mn-C(1)             2.078(3) C(7)-O(2)               1.128(2) Mn-to-center C4 1.757 
Mn-C(2)           2.1286(18) C(8)-O(3)               1.143(4)  
Mn-C(3)           2.1493(18) N(1)-N(2)              1.094(4)  
Mn-C(4)           2.1493(18) N(1)-C(1)              1.380(4)  
Mn-C(5)           2.1286(18) C(1)-C(2)              1.423(2)  
Mn-C(6)           1.8195(19) C(1)-C(5)        1.423(2)  
Mn-C(7)           1.8195(19) C(2)-C(3)        1.390(3)  
Mn-C(8)             1.801(3) C(3)-C(4)        1.399(5)  
C(6)-O(1)           1.128(2) C(4)-C(5)              1.390(3)  
Bond angles (degrees) 
N(2)-N(1)-C(1)   180.0(3) Mn-C(8)-O(3)      178.3(3) N(1) out of C4 plane    3.91 
Mn-C(1)-N(1)   125.65(19) C(6)-Mn-C(7)       91.67(11) N(2) out of C4 plane    3.80 
Mn-C(6)-O(1)   178.84(17) C(7)-Mn-C(8)       90.76(8)  
Mn-C(7)-O(2)   178.84(17) C(8)-Mn-C(6)       90.76(8)  
 
Table 3. Selected bond lengths (Å) and angles (degrees) for 7. 
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this structure is the high degree of symmetry that is present, particularly when compared 
to members of the cymantrene family such as MnCp(CO)3 (8) and Mn(C5H4NH2)(CO)3 
(3).  In the present case, C(2)-C(1)-N(1) and C(5)-C(1)-N(1) angles are exactly the same, 
unlike 5, and perfect mirror symmetry is observed about Mn, the C(8)-O(3) carbonyl 
group, and both N(1) and N(2) of the diazonium group.  MnCp*(CO)3 (9) reportedly 
exhibits mirror symmetry as well, though acquisition conditions were admittedly poor for 
structure determination.21  In 8, the overall orientation is similar, but the carbonyl bond is 
shifted 5.93° out of a perfect eclipsed arrangement.22  Compound 3 does not possess any 
such symmetry (discussed in Chapter 6).   
     The three Mn-C(O) bonds of 7 are close to the expected 180° for a perfect piano stool 
orientation, and C(O)-Mn-C(O) bonds are all close to the expected 90°.  Mn-C(O) bond 
lengths range from 1.801 Å to 1.8195 Å, slightly longer than distances observed in 8 
(average Mn-C(O) = 1.780 Å), 3 (average Mn-C(O) = 1.793 Å), or 10 (average Mn-C(O) 
= 1.729 Å).  This may be due to a slight positive charge distributed to the metal center 
from the N2 group, but this assessment is tentative.  The metal-to-ring distance of 1.757 Å 
here is shorter than distances observed for 8, 9, 9+, 3, or 3+, so it is unlikely that a 
weakening of the η5 bond occurs as a result of the diazonium functionality.  All ring 
carbons lie in approximately the same plane.  Like 5, N(1) in 7 is bent away from the 
metal center, out of the Cp plane by essentially the same distance, at an angle of 3.91°.  In 
contrast, N(2) shows a smaller out-of-plane deviation of 3.80°.  This may be related to the 
fact that in this case the molecule in question is a monocation, lessening repulsion effects.  
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C-N and N-N bond distances are similar to those given above for 5, and similar to those 
observed for organic diazonium salts.19,20      
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2.5.  Additional experimental considerations 
 
     All reactions were performed in oven-dried glassware, and standard Schlenk 
techniques were employed where mentioned.  Nitrogen was dried over Aquasorb® and 
CaSO4, and deoxygenated over a mixture of nickel oxide, coppper oxide, cobalt oxide, 
and alumina (Engelhard Corporation) that had been activated by heating at 300° under a 
stream of hydrogen.  CH2Cl2 was distilled over calcium hydride, and THF, Et2O, and 
hexanes were distilled over potassium.  The solvents were collected under nitrogen prior 
to use, and degassed using a series of three evacuation/nitrogen refill cycles.  Aqueous 
solutions were degassed in a similar manner.  Pyrrolidine was dried over CaSO4 for 2 
days and distilled prior to use.  All NMR solvents were purchased from Acros (CD3NO2) 
or CIL (CD2Cl2, CD3Cl, CD3COCD3), and used as received.  MnCp(CO)3, RuCp2, 
ReCp(CO)3 and anhydrous CoBr2 were purchased from Strem Chemical Co. and used as 
received. 
     IR spectra were recorded with an ATI-Mattson Infinity Series FTIR interfaced to a 
computer employing Winfirst software at a resolution of 4 cm-1, and NMR spectra were 
recorded using a Bruker ARX 500 MHz spectrometer.  Elemental analyses were 
conducted by Robertson Microlit, Inc. 
     X-ray crystallographic data were collected by Arnold L. Rheingold on a Bruker D8 
platform diffractometer equipped with an APEX CCD detector at the University of 
California at San Diego.  The structures were solved at the same University by Patterson 
projections.  All non-hydrogen atoms were refined anisotropically and the hydrogen 
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atoms, except for those on the water molecule, were placed in idealized locations.  All 
software was contained in the SMART, SAINT and SHELXTL libraries distributed by 
Bruker AXS, Madison WI.   
              
 
        
     
           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
58 
 
 
 
 
2.6.  References 
 
1) Sheats, J.E.; Rausch, M.D. J. Org. Chem. 1970, 35, 3245.  
2) Leusen, D.V.; Hessen, B. Organometallics. 2001, 20, 224. 
3) Sato, M.; Maruyama, G.; Tanemura, A. J. Organomet. Chem. 2002, 655, 23. 
4) Ruf, W.; Fueller, M.; Siebert, W. J. Organomet. Chem. 1974, 64, C45. 
5) Renk, T.; Ruf, W.; Siebert, W. J. Organomet. Chem. 1976, 120, 1.   
6) Knapp, R.; Rehahn, M. J. Organomet. Chem. 1993, 452, 235. 
7) Neilson, T.; Wood, H.C.S.; Wylie, A.G. J. Chem. Soc. 1962, 371. 
8) Holovics, T.C.;  Deplazes, S.F.; Toriyama, M.; Powell, D.R.; Lushington, G.H.; 
Barybin, M.V. Organometallics 2004, 23, 2927. 
9) Regitz, M.; Hocker, J.; Liedhegener, A. Organic Syntheses. 1973, 5, 179. 
10) Nesmeyanov, A.N.; Anisimov, K.N.; Kolobova, N.E.; Markarov, Yu.V. Izvetiya 
Akademii Nauk SSSR, Seriya Khimicheskaya 1968, 6, 1421. 
11) Cais, M.; Narkis, N. J. Organomet. Chem. 1965, 3, 269. 
12) Ram, R.N.; Singh, V. J. Chem. Research. 2006, 800.  
13) (a) Hagemann, H.; Baasner, B.; Klauke, E. Ger. Off. 1981. (b) Kosynkin, D.V.; 
Tour, J.M. Org. Lett. 2001, 3, 993. 
14) Dunitz, J.D.; Orgel, L.E.; Rich, A. Acta Crystallogr. 1956, 9, 373. 
15) Bunder, W.; Weiss, E. J. Organomet. Chem. 1975, 92, 65. 
16) Riley, P.E.; Davis, R. J. Organomet. Chem. 1978, 152, 209. 
17) a) Komatsuzaki, N.; Mitsunari, U.; Shirai, K.; Tanaka, T.; Sawada, M.; Takahashi, 
S. J. Organometal. Chem. 1995, 498, 53. b) Beer, P.D.; Hesek, D.; Kingston, J.E.; 
Smith, D.K.; Stokes, S.E. Oranometallics. 1995, 14, 3288. 
18) (a) Cuadrado, I.; Casado, C.; Lobete, F.; Alonso, B.; Gonzalez, B.; Losada, J.; 
Amador, U. Organometallics. 1999, 18, 4960. (b) Inyushin, S.; Shafir, A.; Sheats, 
J.E.; Minihane, M.; Whitten, C.E.; Arnold, J. Polyhedron. 2004, 23, 2937.  
19) (a) Glaser, R.; Horan, C.J. Can. J. Chem. 1996, 74, 1200. (b) Wallis, J.D.; Easton, 
R.J.C.; Dunitz, J.D. Helveta Chim. Acta. 1993, 76, 1411. 
59 
 
 
 
 
2.6.  References (continued) 
 
20) (a) Glaser, R.; Horan, C.J.; Nelson, E.D.; Hall, M.K. J. Org. Chem. 1992, 57, 215. 
(b) Glaser, R. Chen, G.S.; Barnes, C.L. Angew. Chem. Int. Ed. Engl. 1992, 31, 
740. 
21) Fortier, S.; Baird, M.C.; Preston, K.F.; Morton, J.R.; Ziegler, T.; Jaegar, T.J.; 
Watkins, W.C.; MacNeil, J.H.; Watson, K.A.; Hensel, K.; Le Page, Y.; Charland, 
J.; Williams, A.J. J. Am. Chem. Soc. 1991, 113, 542. 
22) Fitzpatrick, P.J.; Le Page, Y.; Sedman, J.; Butler, I.S. Inorg. Chem. 1981, 20, 
2852. 
 
 
 
 
 
 
 
 
 
 
 
 
60 
 
 
 
 
Chapter 3.  Electrochemistry of [CoCp(η5-C5H4N2)]2+ and deposition of CoCp(C5H4) 
 
3.1.  General electrochemical behavior of [CoCp(η5-C5H4N2)][PF6]2 in various media 
 
     Contained in this chapter is an examination of the electrochemical reduction of 5, 
which yields a strongly attached surface film under most conditions studied.  For the 
purposes of the following discussion, it is helpful to view the reduction process as 
analogous to that which has been proposed for the reduction of aryl diazonium salts.  
Scheme 7 shows an idealized version of this process.  According to this attachment 
scheme, it  may be  anticipated that the  electrochemistry of the  diazonium  complex  and 
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Scheme 7 
 
also of the derivatized electrode will share similarities to that of CoCp2+ in solution.  It is 
useful then to briefly examine the general electrochemical behavior of this compound in 
organic solvents.  A thorough study of the use of CoCp2+ as a reference material for 
electrochemical experiments was conducted by Bond,1 who concluded that the general 
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voltammetric behavior was similar in several organic solvents including CH3CN, CH2Cl2, 
and EtOH, with various supporting electrolytes.  Shown in Figure 5 is a CV in CH3CN, in 
which one reversible reduction  and another quasi-reversible reduction are observed at 
E1/2 = -1.35 V and -2.36 V, respectively.1  These constitute the two well-known one-
electron reductions of CoCp2+ to the corresponding anion, shown in Eqs 1 and 2. 
 
        CoCp2+    +    e-        CoCp2                              (1) 
        CoCp2    +    e-        CoCp2-                               (2) 
 
-0.87 -2.52
Volt vs. FeCp20/+
10 uA
ic
ia
 
Figure 5.  CV of 1.0 mM [CoCp2][PF6] in CH3CN/[NBu4][PF6].  GCE, 0.1 V s-1.  Figure 
data taken from Ref. 1. 
      
     The vast majority of organic diazonium electrochemistry in the literature uses CH3CN 
as a solvent, primarily because of its favorable conductivity and the tendency for charged 
analytes to be well soluble in such a high polarity solvent.  However, CH3CN is not a 
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particularly good solvent for cationic organometallic complexes, owing to its strongly 
nucleophilic character.  As previously discussed, 5 is not stable in CH3CN, decomposing 
within minutes of dissolution.  This is evidenced by a color change from yellow to dark 
orange, and also the disappearance of the original NMR peaks in CD3CN.  Nonetheless, 
some preliminary electrochemistry was conducted in this solvent.  On the first CV scan in 
CH3CN with [NBu4][PF6] as the supporting electrolyte, two prominent reduction events 
are observed, as in Figure 6.  The first, observed at Epc = ca. -0.2 V is highly irreversible 
and is assigned to the reduction of the CpN2+ ligand.  The second, at E1/2 = -1.34 V, is 
apparently reversible and can be attributed to the cobaltocenium/cobaltocene couple (Eq 
1).2  It is to be noted that the cathodic activity at potentials negative of the irreversible 
wave at -0.2 V is attributed to the reduction of the cobaltocenium ion both on the 
electrode surface and in the bulk of solution.  The 1 e- reduction of 5 releases dinitrogen 
(Eq 3), forming the radical [CoCp(C5H4)] + , which either covalently bonds to the 
electrode surface or abstracts an H-atom from solvent (SH, Eq 4).  As this model suggests, 
a second CV scan starting from  positive potentials shows evidence  of partial passivation   
 
  [CoCp(C5H4N2)]2+          [CoCp(C5H4N2)] +    (3) 
  [CoCp(C5H4N2)] +    +   SH        CoCp2+    +   S     (4) 
 
owing to some of the electrode sites being occupied by the CoCp(C5H4) moiety.  This 
effect  is  shown  in  Figure 7, in which Epc for  the irreversible  reduction(dashed line)  is  
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-2.20-1.70-1.20-0.70-0.200.30
Volt vs. FeCp20/+
5 uA
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Figure 6.  CV of 3.0 mM 5 in CH3CN/[NBu4][PF6]. 1 mm GCE, 0.2 V s-1. 
 
 
-2.0-1.5-1.0-0.50.00.5
Volt vs. FeCp20/+
0.5 uA
1
2
3
4 5
6
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Scan Number:
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Figure 7.  Consecutive CVs of 1.0 mM 5 in CH3CN/[NBu4][PF6]. 1 mm GCE, 0.1 V s-1.   
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shifted negative by ca. 120 mV, and less cathodic current is seen than for the initial scan.  
In addition, an irreversible reduction, of unknown origin, at Epc = ca. -1.1 V grows in 
with successive scans.  There is also a small wave, apparently reversible, at about -1.6 V.  
Acetonitrile was abandoned as the primary electrochemical solvent owing to these 
complexities.     
     CVs in PhCN are similar to those in CH3CN, and are shown in Figure 8.  Compound 5 
is slightly more stable in this solvent, although NMR spectroscopy and observation of 
solution color indicate the beginning of decomposition approximately 20 min after 
dissolution.  From Figure 8 it is apparent from the shift in Epc that for each scan there is a 
slower charge transfer associated with the reduction of the 5.  There does not seem to be 
much of a decrease in cathodic current for this irreversible reduction, although the 
analysis is complicated due to a sloping background current.  Also, as seen in CH3CN, 
the reversible couple associated with CoCp2+ reduction does not seem to exhibit evidence 
of slow charge transfer, as there is no decrease in current or broadening of ∆Ep  
(∆Ep = Epc -∆Epa).  This may be explained by the fact that the surface film being formed 
is reduced at a potential very similar to CoCp2+ in solution (generated by reduction of 5 at 
the film/solution interface), and so the wave at -1.34 V is actually a sum of the reversible 
oxidation of the modified surface and CoCp2+ in solution.  While this may act to broaden 
the individual components of the wave (i.e. larger Ep – Ep/2), ∆Ep will not be affected 
overall.      
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-2.0-1.5-1.0-0.50.00.51.0
Volt vs. FeCp20/+
2 uA
1       2    3    4     5     6Scan Number:
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Figure 8.  Consecutive CVs of 1.3 mM 5 in PhCN/[NBu4][PF6]. 2 mm GCE, 0.1 V s-1. 
 
     Due to the instability of 5 in CH3CN and PhCN, it was decided to conduct further 
experiments in CH3NO2, a solvent in which 5 is quite stable.  As evidenced by NMR 
spectroscopy, 5 persists in CD3NO2 without any evidence of decomposition for at least 24 
hr.  No color changes are observed over this time period in deuterated or non-deuterated 
solvent, even left exposed to air.  The higher stability is probably a combination of the 
high acidity of the solvent as well as its low donor number (DN = 2.7).3  Although the 
electrochemical behavior of 5 is not significantly different between CH3CN and PhCN, it 
is somewhat different in CH3NO2.  A representative CV is shown in Figure 9.  The initial 
CV scan again shows two prominent features, a very broad, irreversible reduction that 
reaches a maximum current at Epc = ca. -0.25 V and a quasi-reversible reduction at E1/2 = 
-1.32 V.  There is also a small, irreversible reduction, attributed to an impurity, observed 
66 
 
 
 
 
at Epc = ca. -1.1 V.  The rising wave negative of the large cathodic peak arises from the 
solvent itself, which is easily reduced.  As expected, with consecutive CV scans the wave 
attributed to reduction of 5 (Eq 3) diminishes in current.  As in CH3CN, a wave at  
Epc  = ca. -1.02 V becomes  apparent and  shows an  increase in current (Figure 10).  This  
 
 
-2.0-1.5-1.0-0.50.00.51.0
Volt vs. FeCp20/+ 
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Figure 9.  CV of 1.0 mM 5 in CH3NO2/[NBu4][PF6].  2 mm GCE, 0.1 V s-1. 
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-2.0-1.5-1.0-0.50.00.51.0
Volt vs. FeCp20/+ 
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Figure 10.  Consecutive CVs of 1.0 mM 5 in CH3NO2/[NBu4][PF6].  2 mm GCE,  
0.1 V s-1. 
new wave is not attributed to a diazonium-based compound, as an increase in current 
with successive scans cannot be rationalized.  It is concluded therefore that the species 
responsible is somehow being incorporated into the film, whether it be a counterion or a 
side product of the diazonium reduction.  Further discussion on counterion effects can be 
found in Section 3.2.1.1.  The species must be only loosely adsorbed, as its presence is 
not detected after electrode rinsing or sonication.  It is unlikely that the wave results from 
adsorbed CoCp(C5H4), as the potential is significantly different than that for CoCp2+ in 
the same medium (-1.32 V) and the process is chemically irreversible. 
     As with the other solvents, there is no apparent decrease in the current associated with 
the CoCp2+/0 couple at -1.32 V with successive scans in CH3NO2.  In order to probe 
whether or not electrode passivation was occurring, the electrochemistry of 
diacetylferrocene was studied in a solution of 5.  Figure 11 shows CV scans of this 
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solution after different film thicknesses are thought to have formed on the electrode 
(through successive reductive CV scans).  It is clear, because of the loss of current 
associated with the diacetylferrocene redox couple, that some passivation is occurring, 
although apparently not to a great extent.  This study is also complicated by the fact that a 
reaction may have occurred between diacetylferrocene and 5, as evidenced by the 
different CV behavior of the diazonium reduction (compare with Figure 9, for instance).  
It seems unlikely that this reaction is a simple chemical reduction, as the oxidation 
potential for diacetylferrocene is very positive (E1/2 = ca. 0.6 V) of the irreversible 
diazonium reduction.   
 
-2.0-1.5-1.0-0.50.00.51.0
Volt vs. FeCp20/+
5 uA
Scan Number:
1
2
3
4
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Figure 11.  CVs of 1.0 mM 5 and 1.0 mM diacetylferrocene in CH3NO2/[NBu4][PF6] 
showing passivation due to film formation.  3 mm GC, 0.1 V s-1. 
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     The irreversible reduction of Eq 3 was studied as a function of scan rate in PhCN.  No 
studies of this sort have yet been reported for aryl diazonium salts, although Pinson and 
Andrieux have studied the mechanism of organic diazonium reductions using digital 
simulation of experimental data.4  In this case, PhCN was chosen as the solvent due to the 
greater stability of 5 than in CH3CN, and because a well-defined Ep is not observed for 5 
in CH3NO2.  As shown in Figure 12, the peak potential shifts negative with scan rate, as 
expected for a chemically irreversible reduction.5  For the entire range of scan rates 
studied, the average shift is 111 mV per ten-fold increase in scan rate.  For an ErevC 
mechanism, ∆Ep = 30 mV/αn for a ten-fold increase in scan rate, where α is the electron 
transfer coefficient and n is the number of electrons transferred per mole.  The results 
here give α = 0.27, a very low value, but consistent with findings in the literature.4 
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Figure 12.  Ep vs. log(ν) for 1.0 mM 5 in PhCN/[NBu4][PF6].  3 mm GC,  
0.1 V s-1 < ν < 4 V s-1.  Inset: 1 V s-1 < ν < 4 V s-1. 
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     In order to verify that reduction of 5 yields CoCp2+ or surface-bound CoCp(C5H4)+, 
and not significant amounts of other products, chemical and electrochemical reduction 
experiments were performed for the sole purpose of characterizing the reaction products 
in solution.  In one experiment, 5 was dissolved in CD3NO2 and the reducing agent 
FeCp*2 was added.  The solution turned green immediately ([FeCp*2][BF4] is green), and 
gas evolution was observed.  1H NMR of the solution, shown in Figure 13, showed trace 
amounts of 5 as well as one singlet at 5.78 ppm, matching the value expected for CoCp2+ 
in this solvent.  No evidence of other products was present.  Another experiment was 
performed in which the reducing agent CoCp2 was added to a solution of 5 mM 5 in 
CH3NO2.  Electrochemistry conducted on this reaction mixture, and only one major wave 
was observed, at the correct potential for CoCp2+.  A very small anodic wave was also 
present, at Epa = ca. 0.2 V at 0.1 V s-1. 
     In another experiment, a 1.0 mM solution of 5 in CH3NO2/[NBu4][PF6] was reduced at 
a carbon gauze electrode.  This electrode material was chosen for its high surface area as 
well as low cost, for the formed surface film is not easily removed from such an electrode.  
The bulk reduction was carried out at -0.6 V, a potential very negative of the irreversible 
first reduction seen on an initial CV scan.  The initial yellow solution deepened in color 
slightly, and the charge consumed was 0.86 F, close to the expected value of 1.0.  
Observation of Figure 14 reveals that following the reduction, no significant amount of 
unexpected electroactive products are formed.  There is a minor wave present at Epc = ca. 
-0.95 V,  but   the  dominant  product   based  on  the   measured   potentials  is    CoCp2+.    
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5.56.06.57.07.5
-1012345678
δ (ppm)
   
Figure 13.  1H NMR spectra in CD3NO2 of 6.1 mM 5 (solid line) and the same sample 
with 6.4 mM FeCp*2 added (dashed line). 
-2.0-1.5-1.0-0.50.00.51.0
Volt vs. FeCp20/+
10 uA
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Figure 14.  CVs of 1.0 mM 5 in CH3NO2/[NBu4][PF6] before (solid line) and after 
(dotted line) bulk reduction at -0.6 V.  3 mm GC (polished between scans), 0.2 V s-1.    
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Significantly, the wave at Epc = -1.02 V does not increase in current following the 
reduction.  This means that the increase seen above (Figure 10) is almost certainly due to 
a species within the formed film, and not in solution.  A similar experiment was 
performed in PhCN, in which 5 was added to the solution while a potential of -0.6 V was 
applied to a carbon gauze electrode.  The same color change was observed, and 0.87 F of 
charge was consumed.  A CV scan of the solution (Figure 15) indicates again that the 
major product is CoCp2+, and in this case no evidence is seen of products having 
potentials in the range of -1.0 to -1.1 V.  The reversible feature at E1/2 = ca -1.6 V is not 
attributed to a product of the reduction, but to an impurity in the starting material, as 
discussed previously.  There is an unusual broadening of the anodic peak for the CoCp20/+ 
 
-2.3-1.8-1.3-0.8-0.30.30.8
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Figure 15.  CV after bulk reduction at -0.6 V of 1.0 mM 5 in PhCN/[NBu4][PF6].  3 mm 
GCE, 0.1 V s-1. 
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couple, which may be from a small amount of side product formed during the reduction, 
or reaction of 5 with PhCN.  
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3.2.  Analysis of surface confined species 
 
3.2.1.  Electrochemistry 
 
     The formation of a cobaltocenium film on electrode surfaces has already been 
evidenced by passivation effects noticeable with successive CV scans of 5 in a variety of 
solvents.  Further evidence of film formation is provided by the existence of a surface 
wave, that is, a redox process resulting from surface-bound species which is observable 
by voltammetric scans in analyte-free solution.  For an ordered cobaltocenium film that is 
one  monolayer  in thickness  (idealized in Scheme 8), it is expected  that the reduction of  
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Scheme 8 
 
[CoCp(C5H4-E)][PF6] (where -E denotes a carbon to electrode bond) is chemically and 
electrochemically reversible, with a half-wave potential close to that observed for 
[CoCp2][PF6] in solution.  Immobilization of electroactive materials via the diazonium 
reduction method has not been shown to significantly affect redox potentials of the 
deposited species.6  In order to probe the electrochemistry of cobaltocenium films, 
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electrodes were modified by electrochemical reduction of 5 and then studied in analyte-
free solutions.  
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3.2.1.1.  Deposition behavior 
 
     Two general methods are used to produce modified electrodes by the electrochemical 
reduction of a diazonium salt, and both were used in this research.  The first is deposition 
by CV scan(s) in which the switching potential is negative of the irreversible diazonium 
reduction.  A low scan rate is used (i.e. < 0.5 V s-1) to ensure sufficient reaction time.  
The primary advantage of this method is that passivation effects of the growing film can 
be observed by examination of either the diazonium reduction process or other redox 
processes (e.g. CoCp2+ reduction) the analyte might undergo.  The second method of 
deposition is by controlled potential coulometry at Eapp negative of the diazonium 
reduction, with advantages such as better reproducibility and the ability to quantify the 
amount of charge passed.   
     As mentioned in Section 3.1, the CV behavior of 5 has been studied in CH3CN, PhCN, 
and CH3NO2 (Figures 6, 8, and 9, respectively), and the different redox responses in these 
solvents has been discussed.  When CV scans were used for modifications, a scan rate of 
0.1 V or 0.2 V s-1 was used consistently.  The initial potential was always set to a value 
between 0.5 and 0.8 V, and the switching potential to a value between -1.4 and -1.9 V.  
The type of electrode implemented dictated the pretreatment conditions, as described in 
Section 3.3, although GCEs were used for the majority of studies.  Below, in Figures 16-
21, are representative CVs of 5 at various electrode materials (GC, gold, pyrolyzed 
photoresist films (PPF), indium tin oxide (ITO)) in CH3NO2 using [NBu4][PF6] as the 
supporting electrolyte.  Attention is brought to the fact that throughout the remainder of 
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this chapter, Figures depicting CV or SWV scans often use Ag/AgCl as the reference 
potential instead of FeCp2.  In many cases, and in particular when electrode materials 
were limited (e.g. diamond, PPF), it was not practical to employ added FeCp2 as a 
reference species.  
     With the exception of PPF electrodes, there are no gross differences in the CV   
behavior of 5 at the various surfaces studied.  The broad, irreversible reduction has a 
similar appearance regardless of electrode substrate, although the shape of the wave in 
Figure 14 may signify that there is slightly faster electron transfer at gold surfaces.  The 
irreversible  reduction  at  Epc  =  ca. -1.1 V  (for GCEs)  is  present  in  all  cases,  and  an 
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Figure 16.  Consecutive CV scans of 1.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6].  2 mm 
GCE, 0.2 V s-1.     
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Figure 17.  Consecutive CV scans of 1.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6].  Gold 
electrode, ca. 2 cm2, 0.1 V s-1. 
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Figure 18.  Consecutive CV scans of 1.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6].  ITO 
electrode, ca. 2 cm2, 0.1 V s-1. 
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Figure 19.  Consecutive CV scans of 1.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6].  PPF 
electrode, ca. 2 cm2, 0.2 V s-1. 
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Figure 20.  CV scan of 1.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6].  Diamond wire 
electrode, ca. 1 cm long, 0.1 V s-1. 
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Figure 21.  Consecutive CV scans of 5.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6].  3 mm 
GCE, 0.1 V s-1. 
 
irreversible feature slightly positive of this becomes apparent and increases in current 
upon successive scans.  The reversible feature attributed to the CoCp2+/0 couple is also 
observed at all surfaces studied. 
     The CV behavior of 5 at PPF electrodes (Figure 19) is unique and deserves discussion.  
There is evidence of very high resistance at these electrodes, based on the large ∆Ep  
(> 250 mV for ν = 0.2 V s-1) observed for the CoCp2+/0 couple.  High resistance of PPF 
films has been demonstrated previously,7 and is probably the reason for the unusual 
broadness of the irreversible CpN2+ reduction.  However, there is a second broad feature 
following the initial reduction that is difficult to explain.  One possibility is that the 
chemical or physical nature of this surface allows for two distinct deposition sites.  The 
surface functionalities would have to be vastly different from each other at various 
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positions on the electrode for the potential of CpN2+ reduction to be shifted as much as it 
is (> 600 mV), and this is not the case for these electrodes.7  The surface roughness of 
PPF electrodes prepared as they were here is low, so it is likely that a more even 
deposition layer is initially achieved than, for example, on GCEs.  Although unlikely, this 
may lead to the appearance of a second reduction wave on the first CV scan, due to a 
large Epc shift for CpN2+ reduction as a result of the slow electron transfer across the 
freshly deposited film. 
     The use of a higher concentration of 5 affects deposition CVs, as observed by 
comparing Figures 16 and 21.  There appears to be more broadening than with lower 
concentrations, particularly for the CpN2+ reduction.  While a contributing factor may be 
an increased solution resistance, the broadening is attributed primarily to a more rapid 
film formation that results in increased passivation effects.  Another difference seen in 
Figure 21 is the more rapid increase in the reduction wave at Epc = ca. -1.02 V.  If this 
wave is indeed due to a species confined within the film, as previously mentioned, it is 
reasonable to expect a more rapid increase in current with an increased rate of film 
formation.  The assumption is being made, however, that for short deposition times the 
rate of film formation is dependent on diazonium concentration.    
     Controlled potential coulometry proved to be a useful deposition method, and can 
yield important information regarding the deposition process.  The quantification of 
electron transfer during deposition allows one to indirectly assess the thickness of the 
film based on the passivation effects observed.  This method also makes it possible to 
quantify the effect of altering experimental conditions such as applied potential, analyte 
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concentration, electrode substrate, and choice of solvent.  These topics will be covered in 
more detail in the following section, but a brief description is given here. 
     Figure 22 shows a typical plot of Q vs. t for the reduction of 5 in CH3NO2/[NBu4][PF6] 
at a GCE.  It is clear that Q does not increase at a fixed rate over time, as might be 
expected for fast electron transfer with unlimited film growth (i.e. unlimited multilayers).  
Current becomes very small after an electrolysis time of 30-40 s but does not cease to 
flow, as might be expected for a close-packed passivating film that is unable to form 
multilayers.  There are two plausible reasons for this behavior.  One is that a thin 
cobaltocenium film does not completely inhibit electron transfer, so that even if 
multilayer formation does not occur, reduction of 5 is still energetically favorable 
(Scheme 9).   Cobaltocenium adsorbed onto GaAs  surfaces has, in fact, been shown to be  
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Figure 22.  Q vs. t curve for electrolysis of 1.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6].  3 
mm GCE, Eapp = -0.62 V.   
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an excellent electron acceptor,8 so one can expect good charge transfer through such a 
film.  The film in essence may act as an extension of the electrode surface, although here 
there is evidence of significant slowing of charge transfer.  Another explanation for this 
behavior is that a loosely-packed film, whether it consists of a single layer or many layers, 
can contain holes or pores that allow 5 to enter and be reduced near the electrode surface, 
as depicted in Scheme 10.  The value of Q does not give a direct measure of the amount 
of surface coverage, because it gives the total amount of 5 reduced, not the amount 
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deposited.  For instance, from Figure 22, Q = 127.6 uC at t = 100 s, which corresponds to 
the reduction of 1.32 x 10-9 moles of 5.  From the known area of the electrode, 100 % 
efficiency of deposition would give a surface coverage of Γ = 1.87 x 10-8 mol/cm2.  As 
discussed later, this is an extremely large value, and is not accurate because it assumes 
that all reduced molecules become immobilized. 
     Controlled potential electrolysis of 5 in different solvents results in varied behavior, 
although the general shape of the Q vs. t curve is the same.  Figure 23 compares the 
behavior in PhCN and CH3NO2.  Larger currents are observed in CH3CN and PhCN than 
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Figure 23.  Q vs. t curve for electrolysis of 5.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6] and 
PhCN/0.1 M [NBu4][PF6].  3 mm GCE, Eapp = -0.82 V.    
 
85 
 
 
 
 
in CH3NO2, which may be due to faster charge transfer in those solvents.  From this data 
alone it is difficult to say whether film thickness is dependent on solvent, but the topic is 
discussed in the following section.   
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3.2.1.2.  Voltammetric behavior of modified electrodes 
      
     Once modified, electrodes may be removed from the deposition solution, rinsed or 
sonicated, and placed into another solution, generally consisting only of solvent and 
supporting electrolyte.  This solution has no analyte present, and is therefore called a 
“clean” solution.  In all media and for all materials tested, modified electrodes exhibit a 
surface wave in clean solutions that is attributed to the [CoCp(C5H4-E)]+/0 couple.  Two 
other features are present: an irreversible reduction, referred to here as a prewave, at  
Epc = ca. -1.05 V at ν = 0.1 V s-1, and a second quasi-reversible reduction at Epc = ca. -2.4 
V attributed to the [CoCp(C5H4-E)]0/- couple.  Figures 24-29 are examples of surface 
waves observed by CV measurements in CH2Cl2/[NBu4][PF6] solutions with various 
electrode materials.   
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Figure 24.  CV of cobaltocenium-modified electrode in CH2Cl2/0.1 M [NBu4][PF6].  1.6 
mm GCE, ν = 0.1 V s-1.  Modification conditions: CH3NO2/1.0 mM 5 for 300 s at -0.9 V.    
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Figure 25.  CV of cobaltocenium-modified electrode in CH2Cl2/0.1 M [NBu4][PF6].  
Diamond wire electrode, ν = 0.1 V s-1.  Modification conditions: CH3NO2/1.0 mM 5 for 
100 s at -1.0 V. 
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Figure 26.  CV of cobaltocenium-modified electrode in CH2Cl2/0.1 M [NBu4][PF6].  
Gold electrode, ν = 0.1 V s-1.  Modification conditions: CH3NO2/1.0 mM 5 for 100 s 
 at -1.1 V. 
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Figure 27.  CV of cobaltocenium-modified electrode in CH2Cl2/0.1 M [NBu4][PF6].  PPF 
electrode, ν = 0.1 V s-1.  Modification conditions: CH3NO2/1.1 mM 5 for 300 s at -0.9 V. 
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Figure 28.  CV of cobaltocenium-modified electrode in CH2Cl2/0.1 M [NBu4][PF6].  ITO 
electrode, ν = 0.1 V s-1.  Modification conditions: CH3NO2/0.8 mM 5, 5 CV scans at  
ν = 0.1 V s-1. 
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Figure 29.  CV of cobaltocenium-modified electrode in CH2Cl2/0.1 M [NBu4][PF6].  2 
mm Pt electrode, ν = 0.1 V s-1.  Modification conditions: CH3NO2/0.9 mM 5 for 100 s  
at -0.7 V. 
 
     One of the primary differences between CV scans of various modified materials seems 
to be the charging current associated with the material, which may obscure surface waves.  
This is particularly apparent in scans of modified PPF, ITO, and Pt (Figures 27, 28, and 
29, respectively).  In the case of the PPF and ITO electrodes, wave shapes may appear 
less than ideal in part due to the higher currents achieved.  However, based on the data 
presented thus far, there are no exceptional differences between electrode behaviors for 
the surfaces studied.  This is significant, as the implication is that electrode modification 
does not require C-C bond formation. 
     Modified GCEs were also tested in solvents other than CH2Cl2, including THF, 
CH3CN, and water, as shown in Figures 30-33.  The responses of the modified electrodes 
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Figure 30.  CV of cobaltocenium-modified electrode in THF/0.1 M [NBu4][PF6].  1 mm 
GCE, ν = 0.1 V s-1.  Modification conditions: CH3NO2/1.0 mM 5 for 100 s at -1.1 V. 
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Figure 31.  CV of cobaltocenium-modified electrode in THF/0.1 M [NBu4][PF6].  3 mm 
GCE, ν = 0.1 V s-1.  Modification conditions: CH3NO2/1.0 mM 5 for 100 s at -1.1 V. 
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Figure 32.  CV of cobaltocenium-modified electrode in CH3CN/0.1 M [NBu4][PF6].  1.6 
mm GCE, ν = 0.1 V s-1.  Modification conditions: CH3NO2/1.0 mM 5 for 1000 s at -0.9 V. 
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Figure 33.  CV of cobaltocenium-modified electrode in H2O/1.0 M Li[ClO4].  3 mm 
GCE, ν = 0.1 V s-1.  Modification conditions: CH3NO2/2.0 mM 5 for 50 s at -0.82 V. 
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are clearly different depending on medium.  For instance, in THF surface waves appear 
broad and exhibit a relatively large ∆Ep of 190 mV for the given conditions at  
ν = 0.1 V s-1.  In CH3CN and water the values are smaller, being approximately 60 and 
110 mV, respectively, and in CH2Cl2 a range of 40-60 mV is observed. 
     The possibility of surface waves arising from weakly adsorbed 5 or CoCp2+ is 
considered unlikely.  Electrode sonication following deposition is expected to remove 
any such species, and this procedure was carried out after almost all depositions (see 
Section 3.3).  However, no direct proof of covalent attachment was sought, or has been 
obtained in this research.  In order to confirm the presence of surface attached analyte and 
rule out the possibility of solution contamination, it is common practice to plot the peak 
current (ip) of a surface wave versus scan rate.  For a surface-confined species, one 
usually assumes lack of diffusion control and a linear relationship between the two 
variables.9  In the present case, evaluation of ip vs. ν in Figure 34 reveals that the 
relationship is close to linear, particularly when compared to a plot of ip vs. ν1/2 (proof of 
diffusion control according to the Randles-Sevcik equation).10  A probable reason for 
departure from linearity in Figure 34 is that resistance effects are evident with increasing 
scan rate, as observed by the CVs in Figure 35.  For a perfectly conducting film, ∆Ep 
should be zero at all scan rates.  Using a method developed by Laviron11 it is possible to 
calculate k°, the rate of electron transfer through the film, using experimental ∆Ep values.  
This method is dependent on film thickness, and systematic studies were not carried out.  
However, an approximate value of k° = 5 s-1 for  was determined for one electrode in 
CH2Cl2/[NBu4][PF6] that had a surface coverage of Γint = 3.7 mol cm-2 (integration 
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method 2, as described on page 40).  The same value was obtained in CH3CN with the 
same electrolyte.  Another complication regarding the results in Figure 34 is that a small 
amount of film decomposition (resulting in lower ip) occurs with each CV scan, and scan 
rates were studied in increasing order for the experiments used to generate Figure 34.  A 
negative deviation from linearity is therefore not unexpected at higher scan rates.  If there   
 
 
0
1
2
3
4
5
6
7
0 5 10 15 20 25 30 35 40 45 50
ν (x 0.2 V s-1) or ν1/2 (V1/2 s-1/2)
i p 
(u
A
)
ip vs. ν
1/2 
ip vs. ν 
 
Figure 34.  Peak current as a function of scan rate for a cobaltocenium-modified 
electrode in CH2Cl2/0.1 M [NBu4][PF6].  1.6 mm GCE.  Modification conditions: 
PhCN/5.0 mM 5 for 300 s at -0.9 V. 
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Figure 35.  CVs of cobaltocenium modified electrode in CH2Cl2/0.1 M [NBu4][PF6] at  
ν = 0.1 V s-1 (solid line) and ν = 2 V s-1 (dotted line).  Normalized current (i/ν), 1.6 mm 
GCE.  Modification conditions: PhCN/5.0 mM 5 for 300 s at -0.9 V.  
 
is, in fact, an extent of diffusion control within deposited films, plausible explanations are 
slow ion transport accompanying redox state changes, or electron hopping between redox 
centers.12 
     An interesting point regarding cobaltocenium-modified electrodes is that the 
appearance of surface waves is affected by the voltammetric history of the electrodes.  
Specifically, electrodes exhibit a different response depending on whether or not a scan to 
a positive potential was conducted prior to the surface wave scan.  Figure 36 illustrates 
this effect.  The effect of a positive scan apparently activates species which are 
responsible for the prewave current, although one negative scan deactivates that species 
once again.  This process is apparently reversible, as excellent reproducibility is achieved 
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over at least 5 cycles.  Anodic scans are also interesting, as the first scan to 0.45 V 
reveals a current in excess over the charging current (Figure 37).  The second scan 
contains less current and has a similar voltammetric response to bare GCEs in a solution 
with only electrolyte. 
     The wave at ca. -1.0 V has been referred to as a prewave thus far, and the source of 
the signal is, in fact, thought to be an adsorption process.  The peak potential can vary 
slightly with different electrodes, but always appears at 1.1 ± 0.1 V and is thus thought to 
be a result of the same process giving rise to the irreversible reduction in CV deposition 
scans (Figure 38).  The sharpness of the wave also varies with different electrodes.  The 
effect of deposition conditions and clean solution composition is complicated by poor 
reproducibility  of these  features under seemingly identical experimental conditions.  Per  
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Figure 36.  CVs of cobaltocenium modified electrode in CH2Cl2/0.1 M [NBu4][PF6] at  
ν = 0.1 V s-1, before and after 2 CV scans from -0.7 V to 0.45 V at ν = 0.1 V s-1.  
Modification conditions: CH3NO2/5.0 mM 5, 3 CV scans at ν = 0.1 V s-1. 
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Figure 37.  CVs of cobaltocenium modified electrode in CH2Cl2/0.1 M [NBu4][PF6] at  
ν = 0.1 V s-1 after CV scans to -1.7 V at ν = 0.1 V s-1.  Modification conditions: 
CH3NO2/5.0 mM 5, 3 CV scans at ν = 0.1 V s-1.  
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Figure 38.  Solid line: 9th consecutive CV of 1.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6].  
3 mm GCE, ν = 0.1 V s-1.  Dotted line: CV of cobaltocenium modified electrode in 
CH2Cl2/0.1 M [NBu4][PF6] at ν = 0.1 V s-1.  Modification conditions: CH3NO2/5.0 mM 5, 
4 CV scans at ν = 0.1 V s-1.  3 mm GCE, ν = 0.1 V s-1.  
97 
 
 
 
 
the above discussion, anodic scans result in generation of prewave current, and cathodic 
scans diminish the prewave current (in successive scans).  The species responsible are 
presumed to already be covalently bound, so adsorption in this case may also be 
considered to be a molecular reorientation at the innermost film layer, but not additional 
covalent bonding (Section 1 in Scheme 13, page 119).  If the current observed in initial 
anodic scans (Figure 37) is actually a large charging current, it is indicative of the 
presence of an adsorbed insulating species.  This implies that adsorption occurs during 
cathodic scans since they result in regeneration of the anodic charging current.  The loss 
of charging current upon consecutive anodic scans indicates desorption, even though no 
stripping peak is observed.  The adsorbed species is presumably [Co(C5H4--)2]0 (where -- 
represents a bond from the C5 ring to either the electrode or another species other than 
hydrogen), which is not unexpected since CoCp2 adsorption has been observed at various 
electrode surfaces in CH3CN.8  The neutral species may not be easily oxidized back to the 
cationic form because it is buried deep within the film, inhibiting counterion diffusion.  
Apparently, very positive potentials are required to achieve slow desorption.   
     It is prudent to mention other potential sources of the prewave, as sufficient 
experimental evidence is not available to completely validate the above speculation.  First, 
it is quite possible that adsorption is occurring at the film/solution interface or in other 
sections of the film, rather than at the electrode surface.  Possibilities are adsorption of 
[Co(C5H4--)2]0 or [CoCp(C5H4-E)]0 onto other film species or, more unlikely, the 
adsorption of solution impurities onto the film surface.  Another possibility is the 
inclusion of anionic impurities into films, such as Cl- or NO3-.  It would not take a 
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significant amount of solution impurities to observe an effect if ion pair formation is 
favorable.  For instance, a slow inwards diffusion of Cl- will result in [Co(C5H4--)2][Cl] 
sites that may have different redox properties than [Co(C5H4--)2][PF6] sites.  Lastly, the 
signal could simply be due to a high proportion of electron-withdrawing functionalities 
such as -N2 or -N2+ in a heterogeneous film.  The irreversibility of the prewave reduction 
is hard to explain in this case however, as is the ability to reactivate the process with 
application of anodic potentials.            
     The stability of cobaltocenium films is an important consideration if modified 
electrodes are to be used repeatedly or stored for any length of time before use.  The films 
are in fact stable for long time periods, with less than 5 % degradation of surface waves 
(based on ip of surface wave) for a GCE stored in air at room temperature for 30 days.  
The electroactive species do degrade, however, with prolonged application of a potential 
sufficient to reduce the [CoCp(C5H4-E)]+ species to [CoCp(C5H4-E)]0 or short application 
of a potential sufficient to reduce the species to the monoanion.  In order to gain more 
knowledge regarding the stability of [CoCp(C5H4-E)]0, an experiment was conducted in 
which a potential negative of the [CoCp(C5H4-E)]+/0 was intermittently applied for 
specific time periods, followed by CV scans of the surface wave.  The results are given in 
Figure 39.  Clearly, decomposition of the film occurs when [CoCp(C5H4-E)]0 is the 
predominant species.  There is no evidence for or against physical film decomposition, 
that is, surface species being lost into solution, but electroactive sites are certainly being 
lost in some manner.  This could come about from a chemical decomposition due to the 
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generally high reactivity of the 19 e- complex CoCp2 with O2 and other electrophiles.13  
In  certain experiments  in which no surface  waves are  present, passivation  effects have  
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Figure 39.  CVs of cobaltocenium-modified electrode in CH2Cl2/0.1 M [NBu4][PF6] 
between periods of constant Eapp = -1.8 V.  1.6 mm GCE, ν = 0.1 V s-1.  Modification 
conditions: PhCN/5.0 mM 5 for 300 s at -0.9 V. 
 
been observed for FeCp20/+ in solution.  This is indicative of a chemically, but not 
physically, decomposed surface film.  
     Although modified electrodes are apparently stable when stored in air, voltammetric 
scans in the negative direction in the presence of oxygen give a large increase in current 
associated with the cathodic portion of the [CoCp(C5H4-E)]+/0 surface wave.  On 
subsequent scans, very little current is observed, and eventually no surface wave is 
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present.  Again, this is indicative of chemical decomposition of the film, most likely due 
to the high reactivity of CoCp2 with O2.13  
     The conditions used for film deposition are likely to have effects on the chemistry of 
film formation, which may manifest themselves in the voltammetry of modified 
electrodes.  As mentioned in the Introduction, it is possible to get a rough estimate of Γ 
by integration of either the cathodic or anodic portion of a surface wave.  This should be 
considered only a rough estimate, as a major complication is the ambiguous placement of 
a baseline for charging current.  The presence of a prewave can be problematic as well.   
     Deposition conditions were found to affect Γ, as determined by voltammetric 
integration (Γint).  Typically, a baseline was generated based on the rising current in the 
region of -0.4 to -0.8 V, which is not considered to arise from any electroactive surface 
species, which is the lower dashed line (shallower slope) depicted in Figure 40.  This 
approach is termed integration method 1 in the text and in figure captions.  The 
uncertainty of a value obtained in such a manner is evident, due to the presence of the 
prewave and the rising background current resulting from solvent reduction.  Inclusion of 
the prewave can be justified because it is probably arising from a surface species.  
However, the current attributed to solvent reduction and charging current may be 
considered a source of error and makes comparison of Γint values dubious, particularly 
when results in different solvents are being compared.  Furthermore, the switching 
potential affects results, with more negative switching potentials giving larger surface 
coverage.  For these reasons, Γint values used for purposes of inter-experimental 
comparison were generally calculated using a steeper baseline, such as shown in Figure 
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40, so that only charge associated with the visible peak and prewave was included.  This 
approach is referred to as integration method 2 in the text.  While a coverage obtained 
in this manner does not account for all electroactive molecules in the film, unwanted 
background due to solvent and charging current is omitted, and allows for a more precise 
experimental comparison.  Although values obtained using the first method do include 
unwanted noise, they are in fact probably much closer to the true surface coverage.  An 
analysis of 30 CVs of surface waves using independently coated GCEs showed that Γint 
values determined using integration method 2 were 36 ± 4 % of those determined using 
integration method 1.  This number can be used for rough comparisons between the two 
methods when the result of only one method is supplied.     
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Figure 40.  CV from Figure 24 showing representative baselines used in calculations of 
Γint. 
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     The vast majority of film depositions were conducted in CH3NO2, as the rapid 
chemical decomposition of 5 in other solvents leads to uncertainty in analyte 
concentration and film composition.  For aryl diazonium salts, factors such as deposition 
time, diazonium concentration, and applied potential have been shown to affect film 
thickness and possibly compactness.  This being the first Cp diazonium attachment, 
similar analyses were carried out with the primary goal being the determination of the 
extent of film growth based on CV behavior. 
     For a monolayer of [CoCp(C5H4-E)][PF6], a surface coverage of ΓCPML = 4.3 x 10-10 
mol cm-2 is calculated based on the geometric area of [CoCp2][PF6], and assuming a 
molecular orientation similar to that shown in Scheme 8, without inclusion of counterions 
(see Section 3.3 for computational details).  Of course, no data has been presented thus 
far that supplies evidence for the formation of a close-packed monolayer, so this number 
should only be used for purposes of general comparison.  A comprehensive study of Γint 
as it relates to deposition time was completed in CH3NO2, and the results are given in 
Figures 41-43.  The conclusion drawn from these results is that under these conditions, 
film   growth   continues   up   to   a   deposition  time   of   200 s,  and   possibly   longer. 
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Figure 41.  Γint vs. deposition time for 1.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6] at 298 K 
using an Eapp of -0.52 V.  Each data point represents a different modified GCE.  
Integration method 2. 
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Figure 42.  Γint vs. deposition time for 1.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6] at 298 K 
using an Eapp of -0.52 V.  Each data point represents a different modified GCE.  
Integration method 1. 
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Figure 43.  Representative CVs of modified electrodes used to generate data for Figures 
37 and 38.  3 mm GCEs in CH2Cl2/0.1 M [NBu4][PF6], ν = 0.1 V s-1.  Deposition times 
are 25, 50, 100, 300, and 500 s. 
 
In Figure 41, the maximum values of Γint are on the order of 5-6 x 10-10 mol cm-2, well 
above that calculated for a close-packed monolayer, but the baseline used for CV 
integration does not include all electroactive film components.  In Figure 42, the 
maximum values are ca. 17 x 10-10 mol cm-2, and minimum values are ca. 8 x 10-10 mol 
cm-2, over twice the calculated value for ΓCPML.  The implication is that even for the 
shortest deposition time of 25 s, multilayer formation is occurring. 
     The effect of Eapp on surface coverage was examined systematically for a 1.0 mM 
concentration of 5 in CH3NO2/[NBu4][PF6] with a deposition time of 25 s.  The results 
are given in Figure 44.  As previously seen for aryl diazonium depositions, increasing 
overpotential gives higher Γ values.  Interestingly, however, potentials negative of -1.1 V 
105 
 
 
 
 
result in smaller Γ values.  Two plausible reasons are supplied here, both pertaining to the 
fact that the E1/2 of [CoCp2][PF6], -1.32 V, is close to the threshold potential (-1.1 V) 
being discussed.  As previously mentioned, modified electrodes show evidence of 
chemical decomposition when exposed to potentials sufficient to reduce  
[CoCp(C5H4-E)]+.  It is possible that the electrodes are being modified to the same extent, 
or even more so, than at less powerful potentials, but that a chemical decomposition 
process within the films results in lower values of Γint.  Also considered is the production 
of a presumably highly unstable diradical neutral cobaltocene solution species, in which 
case chemical decomposition may occur before surface bonding takes place.   
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Figure 44.  Γint vs. Eapp for 1.0 mM 5 in CH3NO2/0.1 M [NBu4][PF6] at 298 K using a 
deposition time of 25 s.  Each data point represents a different modified GCE.  
Integration method 2. 
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     The effects of solvent and concentration of 5 on surface coverage were also examined.  
In individual experiments in which GCEs were coated using the same conditions but with 
either a 1,2 or 5 mM concentration of 5, there was no overall trend towards increasing 
surface coverage, as determined by integration method 2.  In one set of experiments, the 
data actually imply a possible decrease in coverage with increasing concentration, giving 
Γint values of 6.4 (1 mM), 5.9 (2 mM), and 4.2 x 10-10 mol cm-2 (5 mM).  A systematic 
study was not carried out though, so elaboration is unwarranted.  For purposes of solvent 
comparison, only PhCN and CH3NO2 were studied due to the faster decomposition of 5 
in CH3CN and other solvents.  With [NBu4][PF6] as the electrolyte, an Eapp of -0.82 V 
and a diazonium concentration of 1.0 mM yielded Γint values that were similar in PhCN 
and CH3NO2, being 5.4 and 6.4 x 10-10 mol cm-2 respectively.  With a 5.0 mM diazonium 
concentration values were 4.9 and 4.2 x 10-10 mol cm-2 in the respective solvents.  
Surprisingly, the higher Q values seen for controlled potential PhCN depositions (Figure 
23) do not correlate with higher surface coverage.            
     Several groups have reported the deposition of organic diazonium salts onto electrode 
surfaces without the use of applied voltage or any chemical treatments.14  The salt is 
dissolved in solution and certain materials that are placed in that solution show evidence 
of containing strongly bound surface species.  This has been attributed to the open circuit 
potentials of certain materials being negative enough to reduce the diazonium 
functionality, giving the reactive same carbon radical generated by using an applied 
potential.  Another possibility is that certain surface functionalities (e.g. carbonyl groups) 
on some materials are easily oxidized, resulting in adsorption only where those 
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functionalities occur.  On GCEs, 5 exhibits this spontaneous adsorption phenomenon.  
GCEs were left in CH3NO2 containing 1 mM 5 with no electrolyte and without stirring, 
then sonicated in acetone.  When placed in a clean solution of CH2Cl2 and [NBu4][PF6], 
CV scans of these electrodes exhibited surface waves with shapes typical of CVs 
employing electrodes coated by electrochemical means.  Surface coverages were much 
lower than typically observed, however, with an average value of Γint = 0.63 x 10-10 mol 
cm-2 (integration method 2) for three different GCEs.  Using a 1.0 mM solution of 5 in 
CH3CN as the deposition solution gives quite similar results, with an average value of Γint 
= 0.50 x 10-10 mol cm-2 for two different GCEs.  Finally, a 5 mM solution of 5 in 
CH3NO2 gave an average coverage of Γint = 0.83 x 10-10 mol cm-2 for two different GCEs.  
With the limited amount of data acquired, it is difficult to conclude whether or not 
diazonium concentration or coating time affect surface coverages.                 
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3.2.1.3.  Surface effects – modified electrodes for investigation of dissolved analytes 
 
     Modified electrodes can be used for analysis of solution species in a typical 
electrochemical experiment.  Generally, there is a difference between the response 
observed at a bare electrode and that observed at a modified electrode.  Depending on the 
modifier and the analyte used, it is possible for electron mediation, chelate binding, 
electrostatic attraction or repulsion, or electrode passivation to occur.   In the case 
considered here, the charged cobaltocenium surface species makes electrostatic 
interactions likely.  The prospect of electron mediation was explored, although no 
evidence was found.  This is not surprising, given the fact that electron mediation by 
[CoCp2]+ in solution has not previously been reported.   
     At cobaltocenium-modified electrodes, very slow heterogeneous electron transfer is 
observed for dissolved analytes.  For studies of this process in organic solutions, FeCp2 
was chosen due to its well-known electrochemical properties and widespread use.  The 
voltammetric behavior of FeCp2 is very different at cobaltocenium-modified GCEs than 
at bare GCEs.  CVs of FeCp2 and FeCp*2 at modified and bare electrodes in 
CH2Cl2/[NBu4][PF6] are shown in Figure 45, with clear evidence of passivation effects at 
modified electrodes.  The manifestation of these effects is wave broadening and 
diminished current, presumably in part due to slow electron transfer through the 
cobaltocenium film.  In CH3CN, there is very little difference in CV behavior of FeCp2 at 
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Figure 45.  Top: CVs of 1.0 mM FeCp2 in CH2Cl2/0.1 M [NBu4][PF6] at a bare and 
modified 1.6 mm GCE, ν = 0.1 V s-1.  Modification conditions: CH3NO2/1.0 mM 5 for 25 
s at -0.82 V.  Bottom: CVs of 1.3 mM FeCp*2 in CH2Cl2/0.1 M [NBu4][PF6] at a bare and 
modified 2 mm GCE, ν = 0.1 V s-1.  Modification conditions: CH3NO2/5.0 mM 5 for 25 s 
at -0.82 V.    
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Figure 46.  CV of 1.0 mM FeCp2 in CH3CN/0.1 M [NBu4][PF6] at a bare and modified 3 
mm GCE, ν = 0.1 V s-1.  Modification conditions: CH3NO2/1.0 mM 5 for 50 s at -1.0 V.     
 
modified or bare electrodes, as seen in Figure 46.  This result is indicative of a significant 
solvation effect, with an increase in film penetration by FeCp2 as solvation of charged 
film moieties is increased.  In Figure 45, anodic currents are larger than cathodic currents, 
particularly in the case of FeCp*2.  Considering as a possible explanation for this effect 
the electrostatic repulsion of FeCp2+ or FeCp*2+ from the positively charged electrode 
surface, the analyte 4-dinitrobenzene (4-DNB) was studied in comparison.  Examination 
of Figure 47 reveals that the CV behavior of both FeCp2 and 4-DNB are affected 
similarly by cobaltocenium films, lessening the likelihood of electrostatic repulsion 
mentioned above.   
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Figure 47.  CV of 1.0 mM FeCp2 and 2.0 mM 4-DNB in CH2Cl2/0.1 M [NBu4][PF6] at a 
bare and modified 1 mm GCE, ν = 0.1 V s-1.  Modification conditions: CH3NO2/1.0 mM 
5 for 50 s at -1.0 V.     
 
     The passivation effect is apparently dependent on the voltammetric history of 
modified electrodes, specifically, whether or not the voltammetry of the surface wave has 
been probed.  As an example, Figure 48 shows CVs of FeCp20/+ at a modified electrode 
before and after the surface wave has been scanned through, with a definite decrease in 
electrode passivation after the negative potential scan.  Several possibilities for this 
observation are considered here.  First, it is possible that loosely adsorbed [CoCp2]+ 
species are removed or reoriented at negative potentials.  Second, if electrostatically 
bound impurities are present, they may be allowed to diffuse out of the film as the surface  
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Figure 48.  CVs of 1.0 mM FeCp2 in CH2Cl2/0.1 M [NBu4][PF6] at a modified electrode 
before and after one CV scan to -1.8 V at ν = 0.1 V s-1.  3 mm GCE, 0.1 V s-1.  
Modification conditions: CH3NO2/1.0 mM 5 for 50 s at -0.62 V. 
 
charge changes.  Last, a reorientation or compaction of the species within the film may 
occur upon a change in redox state, resulting in increased rate of charge transfer.  Also 
considered was the possibility of the chemical decomposition at negative potentials, but 
this has been deemed unreasonable since a decrease in passivation is observed only after 
the initial negative scan.  The chemical decomposition process, therefore, does not 
apparently affect the passivating action of the films.   
     Electrode passivation was studied as a function of surface coverage using the 
voltammetry of FeCp2 as an indicator, shown in Figure 49.  Clearly, the longer the 
deposition time, the slower the electron transfer is for FeCp2 in solution.  This could be 
either  due  to  increased  film  thickness  or  filling  of  holes  in  the  film,  but  is likely a  
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Figure 49.  CVs showing electrode passivation effect with increasing deposition time for 
1.0 mM FeCp2 in CH2Cl2/0.1 M [NBu4][PF6].  3 mm GCE, ν = 0.1 V s-1.  Modification 
conditions: CH3NO2/1.0 mM 5 for 25, 50, 100, 200, and 300 s at -0.62 V.  Top: Initial 
CV scans.  Bottom: CV scans following a CV scan to -1.8 V at ν = 0.1 V s-1. 
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combination of both factors.  The same trend is observed with CVs taken following a 
scan in the cathodic direction, although the distinction is less obvious. 
     In aqueous solution, modified electrodes exhibit similar passivation effects.  Shown in 
Figure 50, the CV of K4Fe(CN)6 at a modified electrode has a very large ∆Ep of > 400 
mV, which decreases in value slightly after a negative CV scan.  Although the peak 
separation is large, the waves are sharper than those observed for FeCp2 and FeCp*2 in 
CH2Cl2. 
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Figure 50.  CVs of 1.0 mM K4Fe(CN)6 in H2O/1.0 M Li[ClO4] at a modified electrode 
before and after one CV scan to -1.8 V at ν = 0.1 V s-1.  3 mm GCE, 0.1 V s-1.  
Modification conditions: PhCN/1.0 mM 5 for 300 s at -0.62 V. 
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3.2.1.4  Charge mobility/ion-pairing effects 
 
     Charged surface films have been studied extensively in the literature, but their 
electrochemistry is not particularly well-understood.  Ion-pairing interactions and 
solvation effects are thought to be much different than those involving dissolved species.  
For cobaltocenium films these processes result in vastly different behavior than for 
[CoCp2]+ in solution. 
     A series of experiments was conducted to investigate the effects of various electrolyte 
anions on the redox behavior of deposited films.  For modified electrodes tested in a 
solution of THF/[NBu4][TFAB], a very different response is observed than when 
[NBu4][PF6] is employed.  By CV, the surface wave is broader, with two apparent 
reductions, although the signal to background ratio (S/B) is low and makes interpretation 
difficult.  For this reason, square wave voltammetry (SWV) was used for these 
experiments, as shown in Figure 51.  With the first scan in a clean solution, only one 
obvious peak is seen, but upon scanning several times the original peak current is 
diminished and two peaks become evident, separated by ca. 0.3 V.  After 20 consecutive 
scans, only one peak at -1.4 V vs. Ag/AgCl is observed, but with less than 20 % of the 
current observed for the initial peak.  As discussed below, similar behavior is seen with 
CH2Cl2 and CH3CN as solvents.  Importantly, there is not simply a potential shift when 
the larger anion is used, but the occurrence of two redox processes, meaning that the 
behavior cannot be  attributed solely to differences in ion-pairing reactions.  Furthermore,  
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Figure 51.  SWVs of cobaltocenium-modified electrode in THF/0.05 M [NBu4][TFAB].  
1 mm GCE, 60 Hz.  Modification conditions:  CH3NO2/1.0 mM 5, 7 CV scans at ν = 0.1 
V s-1.     
 
ion-pairing effects cannot account for a shift to more negative potentials with a weakly 
coordinating anion (WCA).  Instead, the results indicate that two distinct redox sites in 
cobaltocenium films are present and are accessed differently according to the electrolyte 
anion used.  An effort at defining possible electronically dissimilar sites is now put forth. 
     An idealized view of the modified electrodes is that they are composed of fairly well-
organized monolayers having one type of redox site.  However, ample evidence has been 
presented to suggest that multilayer formation occurs readily.  The bonding responsible 
for multilayer formation must occur through Cp rings, as the Co center will not accept 
electrons unless η5 bonding to Cp ligands is compromised.  In all likelihood, C-C bond 
formation is dominant, like that shown in Scheme 11, but the presence of C-N-N-C 
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bonding is not ruled out.  This is due to evidence of N2 functionalities in the films, 
presented later (Section 3.2.2.1), and also accounts in the literature of N2 in films 
prepared using aryl diazonium ions.15  Scheme 12 illustrates some potential types of 
bonding and orientations within deposited films. 
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Scheme 11 
 
     Scheme 12A depicts a close-packed, organized film.  In this type of film C-C bonding 
takes place only at terminal Cp rings, and not at Cp rings that have already bonded to a 
the surface or another cobaltocenium molecule.  Scheme 12B shows a film with similar 
bonding, but with less ordered behavior.  Clearly there are opportunities for holes to form 
in this type of disorganized arrangement.  Scheme 12C takes into account the potential 
for disubstitution of Cp rings, so that three or more new C-C bonds can be generated for 
each cobaltocenium moiety during multilayer formation.  Finally, Scheme 12D shows 
three types of bonding possible if dinitrogen is not lost during reduction, but instead 
forms a nitrogen radical which takes part in bonding.  The amount of disorder with films 
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formed in this manner is probably very high.  The true nature of the films developed by 
the method described may in fact be a combination of all the types described above.
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Scheme 12
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     Regardless of bonding types and molecular orientation, it may be advantageous to 
view a multilayer film simply as consisting of three sections, as in Scheme 13.  The first 
section, closest to the electrode, contains cobaltocenium bound to the electrode as well as 
to other cobaltocenium molecules, for instance in the manner shown in Schemes 11 and 
12.  The next section is the central portion of the film, which primarily consists of 
cobaltocenium molecules bound to at least one additional molecule.  The last section is at 
the film/solution interface, and should consist of cobaltocenium molecules bound to only 
one other molecule.  The redox behavior of these three sites may be similar, but probably 
not exactly the same, and if only two layers are present, only Sections 1 and 3 in Scheme 
13 need be considered.  Moieties in Section 1 are believed to be attached to the electrode 
surface through both C-C and C-O bonds, and at least some of these are bonded to 
[Co(C5H4--)2]+ species.  The surface bonding is thought to have little electronic influence, 
while [Co(C5H4--)2]+ species  probably exert a  slight electron-withdrawing effect, at least  
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in their oxidized form.  In Section 2, multiple bonds to [Co(C5H4--)2]+ and  
[CoCp(C5H4-E)]+ species are likely, so a stronger withdrawing effect may be present.  
Finally, in Section 3, monosubstituted film species are dominant, and probably exhibit a 
redox response closer to that of Section 1 than to Section 2.  Yet another factor that may 
account for a heterogeneous redox response is the presence of some amount of azo-
bonding, causing an electron-withdrawing effect in those species affected.   
     A brief discussion of the topology of GC surfaces as it relates to modified electrode 
redox behavior is also prudent.  In contrast to PPF, GC and chemical vapor deposition 
(CVD) diamond surfaces are very rough, with a root-mean-square (rms) roughness 
ranging from 4-45 nm for GCEs,16 and greater than 34 nm for diamond.17  The surfaces 
can therefore be viewed as consisting of peaks and valleys, and extremely small valleys 
(e.g. < 0.1 µm2) can be thought of as channels in the surface.  This is relevant because it 
might allow for a distinction of film sites in that redox centers embedded in channels are 
less available for interaction with solution species such as electrolyte ions.  Furthermore, 
it is much more likely for disordered film formation to occur with such a rough surface 
than smoother surfaces such as PPF (rms = ca. 0.5 nm).7 
     The results of several experiments are presented below (Figures 52-60) in which 
modified electrodes were tested in solutions containing only electrolytes bearing large 
anions, and additions of PF6- or ClO4- were made either sequentially or in bulk.  The most 
striking trend emerging from the data is that addition of a smaller, more strongly ion-
pairing  anion  results  in  the  appearance  and  growth  of  a  peak more positive than the 
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Figure 52.  SWVs of cobaltocenium-modified electrode in CH2Cl2/0.05 M [NBu4][TFAB] 
with following [NBu4][PF6] concentration:  0, 0.9, 1.7, 3.4, 7.7, 16.3 mM.  1.6 mm GCE, 
60 Hz.  Modification conditions: CH3NO2/1.0 mM 5 for 300 s at -0.82 V. 
-1.6-1.4-1.2-1.0-0.8-0.6-0.4
Volt vs. Ag/AgCl
1 uA
0 mM
1 mM
4 mM
6 mM
22 mM
 
Figure 53.  SWVs of cobaltocenium-modified electrode in CH2Cl2/0.05 M [NBu4][TFAB] 
with added [NBu4][PF6] as labeled on plot in mM.  2 mm GCE, 60 Hz.  Modification 
conditions: CH3NO2/1.0 mM 5, 7 CV scans at ν = 0.1 V s-1. 
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Figure 54.  SWVs of cobaltocenium-modified electrode in CH2Cl2/0.05 M [NBu4][TFAB] 
and with one addition of [NBu4][PF6].  3 mm GCE, 60 Hz.  Modification conditions: 
CH3NO2/1.0 mM 5, 7 CV scans at ν = 0.1 V s-1. 
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Volt vs. Ag/AgCl
4 uA
ClO4
-
 addition
 
Figure 55.  SWVs of cobaltocenium-modified electrode in CH2Cl2/0.05 M [NBu4][TFAB] 
with following [NBu4][ClO4] concentration:  0, 4, 15, 30 mM.  3 mm GCE, 60 Hz.  
Modification conditions: CH3NO2/1.0 mM 5, 7 CV scans at ν = 0.1 V s-1. 
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Figure 56.  SWVs of cobaltocenium-modified electrode in CH3CN/0.05 M 
[NBu4][TFAB] with following [NBu4][PF6] concentration:  0, 2, 4, 8, 16, 24, 34, 50 mM.  
3 mm GCE, 60 Hz.  Modification conditions: CH3NO2/1.0 mM 5, 7 CV scans at  
ν = 0.1 V s-1. 
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Figure 57. SWVs of cobaltocenium-modified electrode in CH3CN/0.05 M [NBu4][TFAB] 
with following [NBu4][ClO4] concentration:  0, 1, 4, 10, 22, 50 mM. 3 mm GCE, 60 Hz.  
Modification conditions: CH3NO2/1.0 mM 5, 7 CV scans at ν = 0.1 V s-1. 
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Figure 58.  SWVs of cobaltocenium-modified electrode in CH3CN/0.05 M 
[NBu4][TFAB] and with one addition of [NBu4][BPh4].  2 mm GCE, 60 Hz.  
Modification conditions: CH3NO2/1.0 mM 5, 7 CV scans at ν = 0.1 V s-1. 
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Figure 59.  SWVs of cobaltocenium-modified electrode in THF/0.05 M [NBu4][TFAB] 
and with the following [NBu4][PF6] concentrations:  0, 1, 2, 4, 6, 10, 22 mM.  1 mm GCE, 
60 Hz.  Modification conditions: CH3NO2/1.0 mM 5, 7 CV scans at ν = 0.1 V s-1. 
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Figure 60.  SWVs of cobaltocenium-modified electrode in CH2Cl2/0.05 M [NPr4][Barf24] 
and with one addition of [NBu4][PF6].  3 mm GCE, 60 Hz.  Modification conditions: 
CH3NO2/1.0 mM 5, 7 CV scans at ν = 0.1 V s-1. 
 
original.  It is also apparent from comparison of Figures 52 and 53 that a much better S/N 
ratio is observed for SWVs using electrodes coated for longer times. 
     It is apparent from these data that depending on medium, there are at least two redox 
processes occurring in cobaltocenium films.  The more facile reduction is observed only 
when smaller anions such as PF6- or ClO4- are present, and the potential (E1/2 = ca. -1.0 V 
vs. Ag/AgCl or ca. -1.4 V vs. FeCp20/+) is approximately that observed by CV in  
PF6-containing electrolyte.  The second reduction, at more negative potential, is observed 
clearly only when WCAs are used in the absence of smaller anions.  Importantly, 
however, due to the proximity of the two potentials, it cannot be said for certain whether 
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or not the second reduction is present when the current for the first reduction is large.  
Also, because of the interfering signals and also due to solvent background currents, 
determination of peak widths and, therefore, relative electron transfer kinetics, is tentative.    
     The following discussion regards what is considered to be a logical justification of the 
experimental data available, although at this point the ambiguity of film composition 
makes irrefutable arguments quite impossible.  The two distinct sites responsible for 
SWV signals are due to [CoCp(C5H4--)]+ moieties at the film/solution interface (Section 
3 in Scheme 13), designated hereafter as “Site B,” and buried [Co(C5H4--)2]+ moieties 
(Section 2 in Scheme 13), designated hereafter as “Site A.”  The use of large WCAs 
allows observation of redox processes only at Site B, as steric effects inhibit penetration 
of the anions into the film.  The use of smaller, more strongly-coordinating anions such 
as PF6-, BF4-, and ClO4-, allow observation of redox processes associated with both Site A 
and Site B, although the greater number of molecules in Site A obscures the current 
attributed to the process at Site B.  Scheme 14 illustrates the diffusive processes for an 
idealized, ordered 3-layer film with only C-C bonds. 
     As mentioned in Chapter 1 and depicted in Scheme 4, Elliott et al. showed that redox 
processes are inhibited if ion-pair formation is hindered.18  The same inhibition is thought 
to be occurring in this case.  The fact that little, if any, current remains for the redox 
process associated with Site A after many scans in [NBu4][TFAB] implies that anion 
diffusion into or out of the film is inhibited.  Site B activity should remain relatively 
unchanged, as TFAB is the predominant anion at the film/solution interface.      
 
  
 
 
 
127 
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
-
Electrode
B
F
F
F
F
FF
F
F
F F
FF
F
F F
F
F
F
F
F
-
B
F
F
F
F
FF
F
F
F F
FF
F
F F
F
F
F
F
F
-B
F
F
F
F
FF
F
F
F F
FF
F
F F
F
F
F
F
F
 
 
 
 
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
Co
+
PF6
-
PF6
- PF6
- PF6
-
PF6
-
PF6
- PF6
- PF6
- PF6
- PF6
- PF6
-
PF6
-
PF6
-PF6
-PF6
-
PF6
-
PF6
-
Electrode
P
F
F
F
F
F
F-
P
F
F
F
F
F
F-
P
F
F
F
F
F
F
-
P
F
F
F
F
F
F-
P
F
F
F
F
F
F-
P
F
F
F
F
F
F
-
 
 
Scheme 14 
          
  
 
 
 
128 
     If Site A moieties are assumed to be cationic, the question then arises as to what the 
counteranions are for Site A when only Site B reductions are observed.  PF6- and other 
small anions diffuse out of the film relatively rapidly, allowing an observable redox 
process.  Therefore it must be assumed either that 1) the Site A moieties are in the 
reduced, neutral form or 2) slow diffusion of WCAs into the film does occur, eventually 
stabilizing cationic species, although outwards diffusion is not fast enough to cause an 
observable reduction event.  If the former point occurs, extensive electrode 
decomposition may occur over relatively short time periods (> 20 s) due to the presence 
of chemically unstable 19 e- cobaltocene-like species.  This may, in fact, be observable 
experimentally if one compares the current height of SWVs taken after several sequential 
additions of [NBu4][PF6] (experiment time = ca. 20 min, Figures 52, 53) or a one-time 
addition of a larger amount of the electrolyte (experiment time =  ca. 30 s, Figure 54).  
There is, however, some evidence of slow diffusion of TFAB into films, resulting in a 
redox response at Site A.  This is shown in Figure 61, in which a slow SWV frequency of 
10 Hz yields a higher ratio of current attributed to Site A than at higher frequencies. 
     The relative strength of ion pair formation is thought to be a contributing factor to 
voltammetric response.  In solution, it is well known that the extent and strength of ion-
pairing, particularly for polyionic species, can significantly affect redox potentials.19  In 
the case of cobaltocenium, the stronger ion-pairing with PF6- than with TFAB is expected 
to have a stabilizing effect, shifting the E1/2 more negative.  The effect has been 
determined to be quite small in solution, but may be much larger for sterically 
constrained, immobilized species.  Re-examining Figure 51, if the majority of current for 
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10 HzNormalized current
 
Figure 61.  Effect of scanning frequency on SWVs of cobaltocenium-modified electrode 
in CH2Cl2/0.05 M [NBu4][TFAB].  2 mm GCE.     
 
the initial scan is attributed to Site A, as it is, the counteranion is predominantly PF6-.  
With each negative scan, cobaltocenium moieties become neutral for a short time period, 
and the lack of electrostatic attraction allows PF6- to diffuse out of the film.  After several 
scans, as PF6- slowly diffuses out of the film and is lost into solution, the anions that 
remain in the film have a much weaker bonding strength, as their charge can be 
distributed to more than one redox center.  This weaker ion-pairing results in the more 
facile reduction potential observed in later scans.  The reverse is also observed, in which 
an increase in small anion concentration gives rise to a more negative Site A reduction 
potential (Figures 52-60), presumably due to overall stronger ion-pairing.   
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3.2.2.  Non-electrochemical surface analyses 
 
3.2.2.1.  XPS 
 
     XPS spectra of cobaltocenium-modified electrodes were recorded only on PPF 
electrodes due to specific size limitations for the instrument sampling chamber.  Data was 
used primarily for qualitative purposes, as instrument accessibility was limited.  Shown in 
Figure 62 is an example of a XPS spectrum obtained in this study.  There is clear 
evidence of Co in the spectrum as evidenced by the Co 2p peak at 781.5 eV.  Carbon and 
oxygen signals are not of use here due to their presence in the substrate material itself.  
The  only other  signals  expected are  due to  F (686.8 eV) and  P (133.9, 197.6 eV) from  
0
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Figure 62.  XPS spectrum of cobaltocenium-modified PPF electrode.  Modification 
conditions: CH3NO2/1.0 mM 5 with N2 purging, 4 CV scans at ν = 0.1 V s-1.   
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PF6- counterions.  Compiled in Table 5 is relevant data obtained from PPF samples 
containing films deposited by different methods.  The N 1s signal at 400.3 eV has 
previously been attributed to a small amount of azo-bonding with films prepared from 
organic diazonium salts.15  The subject will not be discussed in detail here, although the 
data here implies the presence of either N2 linkages or N2+ functionalities that have not 
been reduced.  The signal could also arise from an N-O bond, of which the only realistic 
source would be NO3- anions in one of the solvents used.   
 
 
  Atomic concentration (%) 
  Drybox deposition N2 purging 
Signal 
(eV) 
Element 100 s at   
- 0.8 V 
100 s at    
- 0.8 V * 
1 CV scan 4 CV scans 100 s at   
- 0.8 V 
781.5 Co 2p 1.01 1.56 1.14 1.66 1.99 
686.8 F 1s 3.23 1.47 0.28 0.65 0.31 
532.8 O 1s 5.09 8.98 8.40 13.40 14.96 
400.3 N 1s 1.09 3.55 2.62 4.24 5.33 
284.4 C 1s 88.58 82.65 87.56 80.06 77.39 
133.9 P 2p 0.35 0.53 0.0 0.0 0.0 
197.6 P 2s 0.66 1.26 0.0 0.0 0.0 
        * Spectrum collected after testing in clean CH2Cl2/[NBu4][PF6] solution 
Table 4.  XPS data for PPF electrodes modified in CH3NO2/[NBu4][PF6] containing  
1 mM 5.    
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     Perhaps the most surprising result is that atomic ratios of P and F do not seem to be 
large enough to account for a 1:1 ratio of [CoCp(C5H4--)]+ to PF6-, particularly for 
samples prepared outside of the drybox.  For samples prepared inside the drybox, F:Co 
ratios are approximately 3:1 and 1:1, or less than half the amount of F expected.  The 
P:Co ratios (using the higher S/N P 2s signal at 197.6) are approximately 2:3 and 4:5, 
close to the expected 1:1.  Unless the possibility of PO43- is considered in addition to PF6, 
which is highly unlikely the ratios are entirely unreasonable.  This yields the conclusion 
that S/N ratios are high enough to permit the treatment applied here, especially in the F 1s 
region.   
         The differences observed between electrodes modified outside of the drybox with 
those modified inside are worth noting.  Certainly solvents in the former case contain 
more water and oxygen than the latter, and it seems as though this has an effect on film 
composition.  The O:C ratio is apparently increased, and P and F signals become 
miniscule or non-existent.  A plausible explanation is the formation of covalent bonds to 
oxygen, which is particularly likely if small amounts of neutral CoCp2 are formed during 
deposition. 
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3.2.2.2.  AFM, IR spectroscopy 
 
     PPF electrodes were used for AFM analysis due to their low surface roughness and 
instrumental restrictions.  Again, limited analyses were conducted because of restricted 
instrument accessibility.  Using a technique developed by McCreery,20 film depth for two 
different electrodes was obtained.  The first electrode was coated with a single CV scan 
in 1.0 mM 5 in CH3NO2/[NBu4][PF6], and film depth was determined to be 15.3 ± 0.8 Å.  
This is the approximate depth of a three-layer film, if orientation is close to the ordered 
form given in Scheme 12A.  The second electrode was coated by controlled potential 
electrolysis for 100 s at -0.8 V in the same medium, and film depth was determined to be 
38.9 ± 1.5 Å, or the approximate length of 8 cobaltocenium molecules oriented as before.  
Furthermore, there is no evidence of cluster formation and the surface of the modified 
layer appears quite smooth.  It is clear from these AFM studies that multilayer formation 
occurs quite readily, and continues to occur to a depth of at least several layers.  However, 
it may be possible to produce approximate monolayers with this method using a very 
short electrolysis time at a more positive potential than used here. 
     Attenuated total reflectance (ATR)-FTIR spectroscopy was employed on a modified 
PPF electrode to obtain further spectral evidence for cobaltocenium films on these 
surfaces.21  The only signal that is expected to be of sufficient intensity for observation is 
from PF6- anions, which generally appears as a broad, intense, peak at about 830-850  
cm-1.  The peak at 860 cm-1 in Figure 63 is therefore attributed to PF6-.  The two very 
intense peaks at 1740 and 1244 cm-1 are not observed in cobaltocenium spectra, but are  
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Figure 63.  IR spectrum of cobaltocenium-modified PPF electrode.  Modification 
conditions: CH3NO2/1.0 mM 5 with N2 purging, 100 s at Eapp = -0.8 V.   
 
indicative of organic carbonyl functionalities and possibly gaseous CO (which would  
account for peaks at 1244 and 1120 cm-1).  The presence of surface esters would account 
for both the 1740 and 1244 cm-1 peaks, indicating that an insufficient background 
correction may be their source.  The possibility remains that surface species have 
decomposed to some extent by reaction with oxygen, although the IR data does not seem 
to support this outcome.     
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3.3.  Experimental 
 
General electrochemical considerations.  Potentiostats were Princeton applied research 
(PAR) models 273, 273A, or 173.  Data were collected with the m270 software package 
supplied by PAR.  A typical three-electrode configuration was used in all experiments, in 
which the reference electrode was either a Ag/AgCl wire separated from the bulk of 
solution by a fine glass frit or, in very limited cases, a saturated calomel electrode (SCE).  
The counter electrode was a Pt wire in all cases.  When very accurate potential 
measurements were required, FeCp2 was added to the electrochemical solution as an 
internal standard.  Unless noted, all potentials given in the text are referred to the 
FeCp20/+ reference couple.  For determination of surface wave potentials, a bare GCE was 
used to obtain a potential for the FeCp20/+ couple, making sure that the surface wave 
potentials did not shift before and after the working electrode was changed.  Except 
where mentioned, all voltammetry was conducted at ambient temperature.     
     Except in a few noted cases, experimental procedures were performed under nitrogen 
using a Vacuum Atmospheres drybox.  Where N2 purging is noted, electrochemistry was 
conducted outside of the drybox and N2 used for purging was dried using CaSO4 and 
deoxygenated over a mixture of nickel oxide, coppper oxide, cobalt oxide, and alumina 
(Engelhard Corporation) that had been activated by heating at 300° under a stream of 
hydrogen.  Glassware used for electrochemical experiments was cleaned in aqua regia, 
followed by copious rinsing with nano-pure water and subsequent drying for at least 12 
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hours in a 120° oven.  When applicable, the warm glassware was loaded into the drybox 
antechamber and allowed to cool under vacuum. 
     For deposition experiments where controlled potential coulometry was employed, 
solutions were stirred during the deposition process.  If electrodes to be coated were of 
sufficiently large surface area (i.e. > 1 cm2) a three-compartment “H-type” cell was used 
in which the counter and working compartments are separated by a fine glass frit.  A 
larger surface area Pt electrode was used in these cases for the counter electrode.   
Working electrodes.  GCEs were purchased from bioanalytical systems.  Platinum and 
gold electrodes were purchased from bioanalytical systems.  For deposition experiments, 
electrodes were subjected to a rigorous series of cleaning procedures before each 
experiment, similar to that proposed by McCreery.7,20,21-22 First, electrodes were polished 
on a polishing cloth (Buehler) with 3, 1, and 0.25 µm diamond pastes (Buehler), in 
succession.  Electrodes were rinsed with nano-pure water between polishings.  Next, 
electrodes were sonicated for 3 min in nano-pure water, then acetone, and finally 2-
propanol, before being dried under an Ar stream.   
     PPF electrodes were prepared by spin-coating photoresist onto silicon wafers, 
followed by pyrolysis, as described by McCreery.7,20  Samples were then subjected to the 
same washing procedure described for GCEs.  Diamond wire electrodes were supplied by 
Dr. Heidi B. Martin.  They were prepared by CVD of diamond onto tungsten wire.  
Electrodes were rinsed with acetone before use.  HOPG plate electrodes were supplied by 
Prof. Daniel A. Scherson (Case Western Reserve University), and prepared by scotch-
tape removal of the top layer.  ITO and gold plate electrodes were supplied by Dr. Keith J. 
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Stevenson.  ITO was rinsed in hydriodic acid for 30 s, followed by copious rinsing with 
nano-pure water and drying in vacuo.  Gold plates were sonicated as above. 
     PPF, GC, Pt, and gold BAS electrodes were sonicated in acetone for 3 min after all 
deposition procedures.  This procedure was conducted outside of the drybox.  No 
significant difference in electrode response was observed when electrodes were not 
exposed to air, and only rinsed with acetone inside the drybox.  Nano-pure water was 
used instead of acetone in earlier studies, and no significant differences were apparent.  
All other electrodes were only rinsed with acetone because the shapes of the materials 
were not conducive to sonication without physical abrasion.               
Solvents and electrolytes.  Reagent-grade CH2Cl2 and CH3CN twice distilled from CaH2, 
the second distillation being carried out, bulb-to-bulb, under static vacuum.  THF was 
purified and dried by distillation from potassium/benzophenone.  CD3NO2 was used as 
received from Acros, and H2O was of nano-pure grade.  Close attention was paid to the 
dryness of the solvents and glass vessels employed.  Glassware used for electrochemical 
experiments was cleaned in aqua regia, followed by copious rinsing by nano-pure water 
and subsequent drying for at least 12 hours in a 120° oven. The warm glassware was 
loaded into the drybox antechamber and allowed to cool under vacuum.  FeCp2, FeCp*2, 
Fe(C5H4C(O)CH3)2, K4Fe(CN)6, and [CoCp2][PF6] were purchased from Strem Chemical 
Co. and used as received. [NBu4][PF6] was purchased from Acros, recrystallized 3 times 
from EtOH, and dried at 120o under vacuum for 24 h.  [NBu4][TFAB]23 and 
[NPr4][Barf24]24 were prepared as previously described using alkali metal salts purchased 
from Boulder Scientific Co.  The electrolytes were then recrystallized three times from 
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CH2Cl2/OEt2 and dried at 120° under vacuum for 24 h.  [NBu4][BPh4] was purchased 
from Acros, recrystallized three  times from CH2Cl2/OEt2 and dried at 120° under vacuum 
for 24 h.  [NBu4][ClO4] was recrystallized 3 times from CH3CH2COOH and dried at 80° 
under vacuum for 24 h.  
Spectroscopy and microscopy.  NMR spectra were acquired with a Bruker ARX 500 
MHz spectrometer.  ATR-FTIR was conducted by Dr. Franklin Anariba using a Bruker 
Tensor 27 FT-IR with a spectral resolution of 4 cm-1.  Accessories used were Ge total 
reflection (GATR; 65° incident angle relative to surface normal, Harrick Scientific) and a 
liquid N2-cooled MCT detector.20,25  In the GATR accessory, the PPF substrate was 
positioned in contact with the flat surface of the hemispherical Ge crystal that functions 
as the ATR element.  A PPF spectrum was obtained from a clean, unmodified surface, 
and subtracted from the modified PPF spectrum. 
     Survey and regional XPS spectra were acquired with a VG Scientific Escalab MKII 
spectrometer using a Mg anode.  Thanks are due to Richard L. McCreery for instrument 
training and lab use.  Samples were placed in the loading chamber, under vacuum, for at 
least 12 hr prior to testing.  Atomic ratios were calculated from peak areas and were 
corrected for elemental sensitivity factors using the software provided with the 
instrument.   
     Atomic force microscopy (AFM) was carried out in air with a Nanoscope IIIa 
Multimode instrument (Digital Instruments, Santa Barbara, CA).  Height measurements 
were made in tapping mode and scratches were made in contact mode. The images were 
acquired with a scan rate of either 0.5 or 1.0 Hz and were flattened with a first-order 
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polynomial before analysis.  Film depth was determined using GRAMS software, by 
analysis of single line profiles along the scratches made in contact mode.20  
Calculation of ideal close-packed monolayer surface coverage, ΓCPML.  The diagram 
below and the calculation that follows describe how the value of ΓCPML = 4.3 x 10-10 mol 
cm-2 was obtained (page 102).  This calculation assumes that counteranions lie on the 
surface of the charged film, and do not affect intermolecular spacing.  The result is to be 
taken as only a rough approximation, as the molecules are likely to be tilted slightly, and 
the distance of 6.9 Å used in the calculation may be an over approximation, depending on 
ring orientation. 
Co
+
c + 2d + 2b = 6.9 Å
a + 2b = 5.7 Å
a = Cp-Cp dist. = 3.26 Å
b = Van der Waals' radius of hydrogen = 1.2 Å
c = longest C-C distance in Cp ring = 2.31 Å 
d = C-H bond length = 1.09 Å
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Surface area occupied by one [CoCp(C5H4-E)]+ 
5.7 Å x 6.9 Å  = 39 Å2  
= 3.9 x 10-15 cm2 
 
Surface Coverage 
1 molecule
3.9 x 10-15 cm2
1 mole
6.022 x 1023 molecules
=   4.3 x 10-10 mol cm-2
XΓ =
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Chapter 4.  [Mn(η5-C5H4N2)(CO)3]+: Solution electrochemistry and characterization 
of modified electrodes 
 
4.1.  General electrochemical behavior of [Mn(η5-C5H4N2)(CO)3][PF6], 6,  in various 
media 
 
     Like 5, the electrochemical reduction of 6 at various surfaces yields a strongly 
attached surface film.  The properties of the film are quite different and seemingly more 
complex than with cobaltocenium, however, as discussed later.  As before, it is 
instructive to visualize the reduction process as analogous to that which has been 
proposed for the reduction of aryl diazonium salts.  Scheme 15 illustrates the idealized 
version of this process.  The solution electrochemistry of cymantrene itself is 
straightforward in appropriate media, exhibiting a one- electron, reversible oxidation at 
E1/2 = 0.92 V in CH2Cl2 with [NBu4][TFAB] as the supporting electrolyte (Figure 64).  If 
a  more  strongly  coordinating   electrolyte  anion  is  used  (e.g. PF6- or BF4-),  follow-up    
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Figure 64.  Top:  0.6 mM cymantrene in CH2Cl2/0.05 M [NBu4][TFAB].  1 mm GCE, 
0.1 V s-1.   
 
reactions and passivation effects occur.  A full account of the electrochemical behavior of 
cymantrene, 8, is given in Chapter 6 of this work.   
     The oxidation of 6 is close to reversible on a CV timescale in DCE with TFAB- as the 
electrolyte anion, with E1/2 = 1.02 V (Figure 65).  This slight increase in oxidation 
potential compared to cymantrene is expected due to the electron-withdrawing nature of 
the diazonium functionality.  In CH3NO2 or CH3CN, the oxidation is chemically 
irreversible on the CV timescale in the presence of either TFAB or PF6- anions, resulting 
in behavior such as that in Figure 66.  This is not surprising, given the highly reactive 
nature of the cymantrene radical cation combined with the high polarity of CH3NO2  
(Є = 39.4 at 20°)1 which acts to minimize  ion-pairing interactions.  Like 5, 6 decomposes 
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Figure 65.  1.0 mM 6 in DCE/0.05 M [NBu4][TFAB].  2 mm GCE, 0.1 V s-1.   
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Figure 66.  3.0 mM 6 in CH3NO2/0.1 M [NBu4][PF6].  2 mm GCE, 0.1 V s-1. 
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rapidly in many organic solvents such as CH3CN, but is relatively stable in CH3NO2 and 
dichloroethane (DCE).  In DCE with [NBu4][PF6] as the supporting electrolyte, the 
irreversible diazonium reduction occurs at Epc = -0.32 V at ν = 0.1 V s-1.  In CH3NO2, 
there is no apparent broadening of the reduction wave compared with other solvents, as is 
the case for 5.  Successive CV scans in CH3CN, DCE, CH3NO2, and PhCN show 
evidence of passivation effects, as seen in Figures 67-70. 
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Figure 67.  CVs of 2.0 mM 6 in CH3CN/0.1 M [NBu4][PF6].  3 mm GCE, ν = 0.1 V s-1.  
Solid line: 1st scan, dotted line: 2nd scan. 
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Figure 68.  Successive CV scans of 1.1 mM 6 in DCE/0.1 M [NBu4][PF6].  1 mm GCE, ν 
= 0.1 V s-1. 
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Figure 69.  Successive CV scans of 2.3 mM 6 in CH3NO2/0.1 M [NBu4][PF6].  2 mm 
GCE, ν = 0.1 V s-1. 
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Figure 70.  CV scans of 2.0 mM 6 in PhCN/0.1 M [NBu4][PF6]. 3 mm GCE,  
ν = 0.1 V s-1. 
 
     There is a marked difference in the manifestation of electrode passivation for the 
different solvents studied.  In CH3CN and CH3NO2, the effects appear similar by CV, 
while in DCE passivation seems to occur much less readily.  This is likely due to the 
extent of solvation of 6, as the PF6- salt is only weakly soluble in DCE but very soluble in 
the more polar solvents.  Poor solvation may in turn lead to less reactivity with the 
electrode surface, resulting in less film formation.  The CV behavior in DCE can also be 
explained by the possibility of cluster formation rather than uniform films.  Cluster 
formation would leave sites on the electrode uncoated or less heavily coated than others, 
so that surface blockage would not be complete and passivation effects not as evident.  
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     In order to verify that reduction of 6 yields MnCp(CO)3 and not significant amounts of 
other products, a chemical reduction was performed for the purpose of characterizing the 
reaction product.  The diazonium salt 6 was dissolved in CH3NO2 and the reducing agent 
FeCp*2 was added.  The solution turned the green color of [FeCp*2]+ and gas evolution 
was observed.  After a 3 minute reaction time, FTIR spectroscopy (Figure 71) showed 
trace amounts of 6 as well as carbonyl bands at 1934 cm-1 and 2022 cm-1, matching the 
values for MnCp(CO)3 in CH3NO2.  No evidence of other products was present in the 
range of 3300 to 1000 cm-1.  The same study was conducted in DCE as well, again 
yielding MnCp(CO)3 as the only apparent product.  The reduction of 6 is thus shown to 
involve Eqs 5 and 6, where SH is assumed to be the solvent. 
 
[Mn(C5H4N2)(CO)3]+  +  FeCp*2    Mn(C5H4)(CO)3   +  N2  +  [FeCp*2]+ (5) 
Mn(C5H4)(CO)3    +   SH      MnCp(CO)3   +   S   (6) 
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Figure 71.  FTIR spectra of 2 mM 6 in CH3NO2 (solid line), and the same sample with  
2 mM FeCp*2 added. 
 
     The irreversible reduction leading to loss of dinitrogen was studied as a function of 
scan rate in DCE, shown in Figure 72.  The slope of the line is ca. 54 mV.  Since the 
slope is greater than 30 mV for this treatment with 5 and 6, the process is ascribed to an 
irreversible charge transfer, as expected for the reduction of 6 involving concomitant 
cleavage of the C-N bond.  Since the shift is 30/αn for such a 1 e- process, the α value is 
calculated to be 0.55.  Although this value of the transfer coefficient is considerably 
higher that that determined for 5 (α = 0.27), the data are not sufficient to make a 
definitive conclusion about a possible alteration in the mechanism of the primary electron 
transfer reaction.  
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Figure 72.  Ep vs. log(ν) for the reduction of 0.8 mM 6 in DCE/0.1 M [NBu4][PF6]. 
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4.2.  Analysis of surface confined species 
 
4.2.1.  Electrochemistry 
 
     Effects of film formation have been observed by CV scans in various solvents 
(Figures 67-70), in which passivation effects are evident upon consecutive cathodic scans.  
Consistent with formation of a surface-active Mn(C5H4)(CO)3 moiety, a surface wave is 
observed for modified electrodes in clean solutions at approximately the same potential 
as observed for the oxidation of cymantrene in solution (expected is E1/2 = 0.92 V in 
CH2Cl2/[NBu4][TFAB]).  Surface-bound cymantrene moieties are referred to as 
MnCp(C5H4-E) hereafter in the text.  As discussed later in Chapter 6, the 17 e- 
cymantrenium cation is prone to decomposition upon exposure to polar solvents or 
nucleophilic electrolytes.  Modified electrodes exhibit poor reversibility of surface waves, 
which implies a further destabilization of cymantrenium as an immobilized species. Films 
of deposited MnCp(C5H4-E) may be idealized as ordered, close-packed monolayers is 
shown  in  Scheme 16.   However,  by  analogy  to aryl diazoniums and to 5, it is possible,   
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albeit not as likely as the former examples, that multilayer formation occurs under the 
conditions of the present methodology.  This would result in a surface more like that in 
Scheme 17, though likely not as well-organized as that depicted.  To probe the 
electrochemistry of cymantrene films, electrodes were modified by electrochemical 
reduction of 6 followed by voltammetric studies in analyte-free solutions.  Due to the 
lack of well-behaved surface waves for deposited films, characterization by 
electrochemical methods was somewhat limited.  
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4.2.1.1.  Deposition behavior 
 
     Controlled potential electrolysis and CV deposition were used to prepare modified 
electrodes.  CV behavior of 6 has been presented (Figures 67-70), and is similar to that 
observed for aryl diazoniums.  Solvent choice apparently affects the deposition process, 
as a large passivating effect is observed after just one scan in CH3CN or CH3NO2 
(Figures 67 and 69, respectively), compared to the smaller changes observed in DCE 
(Figure 68). 
     In addition to GCEs, PPF, gold, Pt, and ITO were used as electrode materials for 
cymantrene deposition.  CV scans of 6 at these surfaces are provided below.  The 
decomposition of 6 in CH3CN occurs at roughly the same rate as does 5 in the same 
solvent, but it is stable for extended periods in DCE and CH3NO2.  It was decided to use 
DCE for the majority of depositions, as this is a more “typical” organic solvent than 
CH3NO2.  The use of CH2Cl2 was not an option, due to its inability to solubilize 6.  It is 
concluded from Figures 73-75 that deposition behavior has a dependence on electrode 
material.  Scans with PPF electrodes (Figure 73) show evidence of high resistance, in 
agreement with the observations discussed in Chapter 3.  In Figure 74, CV scans at gold 
electrodes are quite similar to those for GCE in the same solvent (Figure 68), with only a 
small amount of passivation occurring with each scan.  Scans at ITO, Figure 75, exhibit a 
large passivation effect after just one scan, unlike other electrode materials studied in 
DCE. 
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Figure 73. CV scans of 0.5 mM 6 in DCE/0.1 M [NBu4][PF6].  PPF electrode, ca. 2 cm2, 
ν = 0.2 V s-1. 
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Figure 74. CV scans of 0.5 mM 6 in DCE/0.1 M [NBu4][PF6].  2 mm gold electrode,  
ν = 0.2 V s-1. 
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Figure 75. CV scans of 0.6 mM 6 in DCE/0.1 M [NBu4][PF6].  ITO electrode, ca. 2 cm2, 
ν = 0.2 V s-1. 
 
     Controlled potential deposition was used extensively for cymantrene deposition, with 
the coulometric response exhibiting a solvent dependence.  Results in four solvents are 
shown in Figure 76.  In CH3CN and DCE, the currents decline dramatically within 50 s of 
electrolysis (10 s for CH3CN), indicating extensive electrode passivation resulting from 
an insulating film, presumably several molecules thick.  In CH3NO2 and PhCN, however, 
cathodic current continues to flow at a steady rate well past a 100 s electrolysis time.  
These last results are difficult to interpret, but may involve solvation of film species or a 
slow decomposition process within the film.  A third option, unlimited conductive film 
growth, is not considered viable.  It is possible that strict control of charge passed could 
be used for mediation of film depth with any of the above solvents. 
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Figure 76.  Q vs. t curve for controlled potential electrolysis of 1.0 mM 6 in various 
solvents.  3 mm GCE, Eapp = -1.2 V.   
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4.2.1.2.  Voltammetric behavior of modified electrodes 
 
     CVs of cymantrene-modified GCEs in clean CH2Cl2/[NBu4][TFAB] solution 
generally exhibit a broad, quasi-reversible oxidation at ν ≥ 2 V s-1 with E1/2 = 0.96 V, the 
approximate potential range of cymantrene oxidation in the same medium.  The 
electrochemical data suggests that Mn(CO)3(C5H4-E) is in fact attached to GCEs, but 
with a decreased stability of the 17 e- cationic species.  CVs of surface waves on GCEs 
modified in various solvents and tested in CH2Cl2 are shown in Figures 77-85.  For the 
most part, a medium consisting of CH2Cl2/[NBu4][TFAB] was chosen as the clean 
solution due to the instability of dissolved cymantrenium in other media, particularly 
those containing nucleophilic electrolyte anions, or solvents with a high donor number 
(though DCE was used rather than CH2Cl2 in several cases).  Surface waves are visible 
on a modified Pt electrode (Figure 80), but contain very little current.  CVs on modified 
diamond (Figure 81) are similar to those for GCEs but with less charging current.  PPF, 
ITO, and HOPG electrodes subjected to typical deposition conditions displayed ill-
defined surface waves and often no response at all.  This is likely due to a decomposition 
reaction of [Mn(CO)3(C5H4-E)]+ at these surfaces. 
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Figure 77.  Consecutive CVs of cymantrene-modified electrode in CH2Cl2/0.05 M 
[NBu4][TFAB].  3 mm GCE, ν = 0.2 V s-1.  Modification conditions: DCE/0.1 M 
[NBu4][PF6], 1.1 mM 6 for 100 s at -1.0 V. 
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Figure 78.  First 3 CVs of cymantrene-modified electrode in CH2Cl2/0.05 M 
[NBu4][TFAB].  3 mm GCE, ν = 2 V s-1.  Modification conditions: DCE/0.1 M 
[NBu4][PF6], 1.1 mM 6 for 100 s at -1.0 V. 
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Figure 79.  First 2 CVs of cymantrene-modified electrode in CH2Cl2/0.05 M 
[NBu4][TFAB].  3 mm GCE, ν = 3 V s-1.  Modification conditions: DCE/0.1 M 
[NBu4][PF6], 1.1 mM 6 for 100 s at -1.0 V. 
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Figure 80.  First 5 CVs of cymantrene-modified electrode in CH2Cl2/0.05 M 
[NBu4][TFAB].  2 mm Pt electrode, ν = 2 V s-1.  Modification conditions: DCE/0.1 M 
[NBu4][PF6], 1 mM 6 for 100 s at -1.0 V. 
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Figure 81.  First CV of cymantrene-modified electrode in CH2Cl2/0.05 M [NBu4][TFAB].  
Diamond wire electrode, ν = 2 V s-1.  Modification conditions: DCE/0.1 M [NBu4][PF6], 
1 mM 6 for 100 s at -1.9 V. 
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Figure 82.  First 2 CV scans of cymantrene-modified electrode in CH2Cl2/0.1 M 
[NBu4][PF6].  3 mm GCE, ν = 2 V s-1.  Modification conditions: DCE/0.1 M [NBu4][PF6], 
1 mM 6 for 200 s at -1.9 V. 
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Figure 83.  First and 5th CV scans of cymantrene-modified electrode in CH2Cl2/0.05 M 
[NBu4][TFAB].  3 mm GCE, ν = 3 V s-1.  Modification conditions: PhCN/0.1 M 
[NBu4][PF6], 1 mM 6 for 100 s at -1.0 V. 
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Figure 84.  First 3 CV scans of cymantrene-modified electrode in CH2Cl2/0.05 M 
[NBu4][TFAB].  1.6 mm GCE, ν = 3 V s-1.  Modification conditions: CH3NO2/0.1 M 
[NBu4][PF6], 2 mM 6 for 100 s at -1.2 V. 
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Figure 85.  First 3 CV scans of cymantrene-modified electrode in CH2Cl2/0.05 M 
[NBu4][TFAB].  3 mm GCE, ν = 3 V s-1.  Modification conditions: CH3CN/0.1 M 
[NBu4][PF6], 2 mM 6 for 100 s at -1.4 V. 
 
     Although the anodic behavior of dissolved cymantrene is chemically reversible in 
CH2Cl2/[NBu4][TFAB], CVs of electrodes modified in DCE and PhCN exhibit broad 
surface waves with only modest chemical reversibility (Figures 78, 83), while electrodes 
modified in CH3NO2 (Figure 84) or CH3CN (Figure 85) exhibit completely irreversible 
surface waves.  This latter observation may indicate that residual solvent is somehow 
trapped in deposited films, as cymantrenium is unstable in these solvents even on a CV 
time scale.  GCEs modified in PhCN and CH3NO2 may also exhibit a small, irreversible 
oxidation ca. 0.5 V negative of the primary feature.  However, in one experiment in 
which electrodes were modified in PhCN, no evidence of this minor feature was present.  
The irreproducibility of the minor wave makes interpretation difficult, but it may be 
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postulated that its source is a film decomposition product or  a result of product 
adsorption, giving a prewave.  
     Approximating the geometric area of a cymantrene molecule using crystal structure 
data for 7 and cymantrene,3 a coverage of ΓCPML = ca. 3.9 x 10-10 mol/cm2 is calculated.  
Integration of the anodic portion of the first CV scan (largest current) in Figure 78 gives a 
value of Γint = 2-3 x 10-10 mol/cm2, depending on the baseline chosen for this purpose, 
implying close to monolayer surface coverage.  There does not appear to be a significant 
difference in Γint for the deposition conditions tested, although no systematic study was 
completed.  Comparing the above experimental value to that obtained for the cathodic 
portion of the surface wave (1.2 x 10-10 mol/cm2), it is estimated that roughly 40-60 % of 
the generated cationic surface species is not reduced.  A decomposition process resulting 
from an ErevCirrev mechanism at the modified surface is considered the only plausible 
explanation.    
     An approximation of the rate of electron transfer through the modified surface can be 
obtained using Laviron’s method, as in Chapter 3.  For a GCE in CH2Cl2/[NBu4][TFAB] 
with Γint = ca. 2 x 10-10 mol/cm2, a value of k° = ca. 100 s-1 was calculated (∆Ep =  50 mV 
at 2 V s-1).  This value is significantly higher than that of 5 s-1 obtained previously for a 
cobaltocenium electrode, possibly as a result of a thinner film.        
     There are several plausible reasons for the instability of [Mn(CO)3(C5H4-E)]+ in 
deposited films, but for the most part explanations depend on molecular orientation 
within the films.  In Chapter 6, the instability of solution cymantrenium in the presence of 
smaller anions such as PF6- is discussed.  It is possible that during reductive deposition of 
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6, a certain amount of PF6- is unable to escape into solution and is trapped within the 
films.  Upon oxidation in clean solution, chemical decomposition of [Mn(CO)3(C5H4-E)]+ 
would occur due to reaction with these anions.  Observation of the CVs in Figure 82 
reveals that the chemical reversibility of surface waves is significantly lower than those 
in Figure 78.  Furthermore, with both electrolytes, the reversibility (irev/ifwd) actually 
increases with each scan, although the effect is more pronounced with TFAB.  This is 
taken as evidence that PF6- in films is at least partly responsible for cymantrene 
decomposition.  Increased resistance effects are also apparent in Figure 82, likely due to 
the decreased dissociation of [NBu4][PF6] compared to [NBu4][TFAB].4 
     If a close-packed monolayer is achieved and the presence of PF6- is not considered, 
oxidation of the film may still be complicated by steric effects involving TFAB ions, as 
shown below.  Although counteranion spacing is only approximated here, this is likely a 
relatively tight packing, as Mn-B distances are 6.8 Å and B-B distances are just 8 Å.  In 
this case, only four anions are available for six surface species, with just two dimensions 
being considered.  In three dimensions, if each anion is approximated as a cube with edge 
length = 11.6 Å (B to p-F distance x 2), ΓCPML for TFAB itself is calculated as 1.2 x 10-10 
mol cm-2, only 30 % of ΓCPML calculated for Mn(CO)3(C5H4-E), 3.9 x 10-10 mol cm-2.  If 
the anion is approximated as a sphere, a close-packed arrangement yields only a slightly 
higher value of ΓCPML = 1.5 x 10-10 mol cm-2.  This means that the majority of surface 
cations will not be stabilized by the formation of TFAB salts, resulting in a greater 
likelihood of chemical decomposition reactions.  Even at highly positive applied 
potentials, a lack of cation formation for the majority of film species is not unreasonable, 
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although this would not directly effect chemical decomposition.  The absence of a 
sufficient concentration of anions for ion- pairing interactions may inhibit the oxidation 
process, in the manner proposed by Elliott.5   
 
Electrode
2 Å
 
       
Scheme 18 
 
     Another factor worth considering is a destabilizing effect due to electrostatic 
repulsions between surface-bound species.  Deposited molecules are neutral, so 
electrostatic repulsions do not influence initial molecular spacing.  When a potential 
sufficient to oxidize the surface species is applied, significant intermolecular repulsion 
might therefore occur due to the proximity of positive charges, and this could have a 
significant destabilizing effect. 
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4.2.1.3.  Investigation of dissolved analytes and chemical reactions in films 
 
     The response of FeCp20/+ at freshly-coated (i.e., no voltammetry conducted following 
deposition and rinsing) modified electrodes is clearly indicative of electrode passivation.  
The CV in Figure 86 exhibits extensive wave broadening for both anodic and cathodic 
waves, with ipc/ipa much less than unity.  The lack of typical diffusion-controlled tailing 
may imply that charge transfer is limited by film conduction and not analyte diffusion, 
although it is possible that much of the current results from uncoated portions of the 
electrode (holes).  A very similar response is observed at modified GCEs that have been 
tested in clean solution and no longer exhibit surface waves by CV, as shown in Figure 
87.  The persistence of passivation effects in the absence of electroactive surface species 
is a clear indication that chemical decomposition of the film upon formation of 
[Mn(CO)3(C5H4-E)]+ does not result in physical loss of the film. 
     Film decomposition has been attributed to chemical reaction of the cymantrenium 
radical, so attempts were made to modify surface species for purposes of chemical 
stability.  The most viable option is carbonyl substitution with a donating ligand, as 
cymantrene is known to undergo such reactions readily under relatively mild conditions, 
including anodic oxidation of the starting material.6,7  The effect of replacing a donating 
ligand with a carbonyl moiety is to shift the E1/2 more negative and to give a more stable 
cationic species upon oxidation.  Two routes were attempted to achieve this, using the 
phosphite ligands P(OPh)3 and P(OMe)3.  Both MnCp(CO)2 P(OPh)36(a),6(b) and 
MnCp(CO)(P(OMe)3)27 have been prepared and isolated previously by photolytic 
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Figure 86.  CVs of 1.0 mM FeCp20/+ in CH2Cl2/0.05 M [NBu4][TFAB] at a bare and 
modified 3 mm GCE, ν = 0.1 V s-1.  Modification conditions: DCE/1.0 mM 6 for 100 s at 
-1.0 V.  
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Figure 87.  CVs of 1.0 mM FeCp20/+ in CH2Cl2/0.05 M [NBu4][TFAB] at a modified 3 
mm GCE with no remaining surface wave (7 scans to positive potential), ν = 0.1 V s-1.  
Modification conditions: DCE/1.0 mM 6 for 100 s at -1.0 V. 
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methods, so one possible route was the syntheses of the diazonium complexes 
Mn(C5H4N2)(CO)2P(OPh)3 and Mn(C5H4N2)(CO)(P(OMe)3)2, followed by reductive 
deposition (Eq 7-9).  The reactions of Equation 8 were successful for both desired 
phosphite complexes, although the polarity imparted on the compounds by the amine 
functionality made product purification impractical (polarity of starting material and 
product are essentially the same).  In photolysis experiments, the product yield is only 
about 60 %, with a significant amount of unreacted starting material present, making this 
option unsuitable for the desired result.  Electrochemical synthesis can give essentially 
quantitative yields, but the high concentration of supporting electrolyte makes the product  
 
MnCp(CO)3
Mn(C5H4NH2)(CO)3-n(P(OR)3)n
1) n-BuLi, tosyl azide
2) NaBH4
1) hv, or - e-
2) P(OR)3  (R = Ph, Me)
Mn(C5H4NH2)(CO)3
Mn(C5H4NH2)(CO)3
Mn(C5H4NH2)(CO)3-n(P(OR)3)n [Mn(C5H4N2)(CO)3-n(P(OR)3)n][PF6]+
(7)
(8)
(9)NO2
-
 
 
useless unless separation can be achieved.  Again, the high polarity of the substituted 
product makes this extremely difficult and impractical.  The reaction of 6 with phosphite 
complexes (Eq 10) was ultimately unsuccessful as well, due to rapid diazonium 
decomposition in the presence of the donating phosphite ligands. 
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6 [Mn(C5H4N2)(CO)3-n(P(OR)3)n][PF6]+
1)  hv or - e-
2) P(OR)3  (R = Ph, Me)
(10)
 
     The second possible route for stabilization of surface species was to carry out ligand 
substitution at an electrode surface possessing a previously deposited film.  The 
technique involves addition of P(OR)3 (R = Ph, Me) to a clean solution containing a 
cymantrene-modified working electrode, followed by electrochemical oxidation to 
weaken the Mn-CO bond, allowing the substitution reaction to occur (Scheme 18).  The  
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Scheme 19 
 
CVs in Figure 88 and 89 show the results of this process.  In solution, 
MnCp(CO)2P(OPh)3 is oxidized at E1/2 = 0.47 V (CH2Cl2/[NBu4][TFAB]), whereas the 
reversible product wave in Figure 88 occurs at E1/2 = 0.60 V.  It is unlikely that the wave 
arises from any species other than Mn(CO)2P(OPh)3(C5H4-E), however, so the potential 
shift is interpreted as an electronic effect from being covalently bound to a surface.  
MnCp(CO)(P(OMe)3)2 is oxidized at E1/2 = -0.29 V in solution (CH2Cl2/[NBu4][TFAB]), 
and the reversible product wave in Figure 89 occurs at -0.20 V.  Again, the surface wave 
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exhibits a slightly more positive potential than that observed in solution.  This latter 
substitution process was also studied using differential pulse voltammetry (DPV), shown 
in Figure 90.  With the first scan, only a small amount of current is observed, but at  
Ep = ca. 0.45 V, the potential expected for the oxidation of Mn(CO)2P(OMe)3(C5H4-E) 
and not cymantrene.  This is attributed to the differential pulse method, which is likely to 
yield an observable monosubstituted product before the occurrence of the second 
substitution.  In successive scans, current attributed to the disubstituted product is 
observed, and the original signal disappears. 
 
   
-0.40.00.40.81.2
Volt vs. FeCp20/+
5 uA
Successive scans
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ia
 
Figure 88.  CV scans 1-3 of cymantrene-modified electrode in CH2Cl2/[NBu4][TFAB] 
with 5 µL (6 mM) P(OPh)3.  3 mm GCE, ν = 2 V s-1.  Modification conditions:  
DCE/1.0 mM 6 for 100 s at -1.0 V.      
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-1.6-1.2-0.8-0.40.00.40.81.2
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200 nA
ic
ia
Successive scans
 
Figure 89.  CV scans 1-5 of cymantrene-modified electrode in DCE/[NBu4][TFAB] with 
10 µL (38 mM) P(OMe)3.  2 mm GCE, ν = 0.2 V s-1.  Modification conditions: 5 CV 
scans in DCE/1.2 mM 6. 
-1.0-0.6-0.20.20.61.0
Volt vs. FeCp20/+
10 nA
Successive scans
 
Figure 90.  DPV scans 1-3 of cymantrene-modified electrode in DCE/[NBu4][TFAB] 
with 38 mM P(OMe)3.  1 mm GCE, 0.02 V s-1.  Modification conditions: Modification 
conditions: 5 CV scans in DCE/1.2 mM 6.  
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     In order to determine whether or not substituted species were persistent, electrodes 
presumed to be substituted with P(OMe)3 using the above CV method were removed 
from solution and either rinsed or sonicated in DCE.  Surprisingly, when placed in a fresh 
DCE/[NBu4][TFAB] solution containing no P(OMe)3, the product wave at -0.20 V was 
absent in most cases.  The same electrode put back into a P(OMe)3 solution exhibited the 
product wave yet at -0.20 V again.  This result implies that either the wave at -0.20 V is 
due to a solution effect involving dissolved P(OMe)3, or that Mn(CO)(P(OMe)3)2(C5H4-E) 
and Mn(CO)3(C5H4-E) are in equilibrium with each other, with the absence of phosphite 
in solution favoring the latter.  The essentially linear plot of ip vs. ν in Figure 91 indicates 
that the redox process is not diffusion controlled, meaning that the redox process must be 
due to immobilized surface species.  There is a slight deviation from linearity (for ip vs. ν) 
at higher scan rates, but this is attributed to ohmic loss in solution.  As discussed in 
Chapter 3, this serves to broaden waves and reduce peak currents.  Direct comparison 
with a plot of ip vs. ν1/2 (Figure 91) eliminates the possibility that a diffusion controlled 
process is responsible for the product wave.  It is reasonable to conclude, therefore, that 
because the substitution product is only favored with a high solution concentration of the 
reactant P(OMe)3, the product is able to rapidly decompose to starting material or a 
different species.  In this case there would have to be an equilibrium between  
Mn(C5H4-E)(CO)3, Mn(C5H4-E)(CO)2L, and Mn(C5H4-E)(CO)L2, shifted towards the 
unsubstituted species under the condition of low P(OMe)3 concentration.  The possibility 
of the original surface species remaining intact (no substitution reaction),  
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Figure 91.  Peak current as a function of scan rate (wave at E1/2 = -0.20) for cymantrene-
modified electrode in DCE/0.1 M [NBu4][TFAB] with 10 uL (38 mM) P(OMe)3.  2 mm 
GCE.  Modification conditions: DCE/1.0 mM 6, 5 CV scans at ν = 0.1 V s-1. 
 
but mediating the oxidation of P(OMe)3 was also considered.  However, the discrepancy 
in potentials makes this highly unlikely (E1/2(Mn(CO)3(C5H4-E)) = 0.96 V, E1/2(P(OMe)3) > 1.5 V, 
E1/2(product) = -0.20 V).      
     It is expected that steric effects are important in the substitution process, particularly if 
multilayer films are present.  For instance, compared to P(OMe)3, P(OPh)3 is expected to 
react more slowly due to its larger size and larger cone angle.  These properties make the 
ligand less likely to diffuse into a film and less accessible to metal centers.  The cone 
angle effect has been observed in solution experiments, in which both dicarbonyl and 
monocarbonyl substitution occurs with P(OMe)3, while only monocarbonyl substitution 
occurs with P(OPh)3.  In films, Mn(CO)3(C5H4-E) apparently only undergoes 
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disubstitution with P(OMe)3, as no monosubstituted product is observed 
(E1/2(MnCp(CO)2(P(OMe)3)) = ca. 0.3 V).  It appears as though the smaller ligand exhibits a 
higher substitution rate at modified electrodes, as S/B (signal/background) is significantly 
improved in Figure 89 over Figure 88.  Indeed, Γint for the two species are calculated as 
9.78 x 10-10 mol cm-2 for P(OMe)3 substitution and 3.46 x 10-11 mol cm-2 for P(OPh)3 
substitution, an enormous difference.  Although deposition conditions are different in the 
two experiments, the deposition by 100 s controlled potential electrolysis (Figure 88, 
P(OPh)3) is certainly expected to give a higher coverage than deposition by several CV 
scans (Figure 89), with all other conditions being equal.  Furthermore, the relatively 
facile potentials of both product oxidations eliminate ambiguity arising from background 
signals when determining Γint.             
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4.2.2.  Non-electrochemical surface analyses 
 
4.2.2.1.  XPS 
 
     XPS spectra of cymantrene-modified electrodes were recorded only on PPF electrodes 
due to specific size limitations for the instrument sampling chamber.  Data was used 
primarily for qualitative purposes, as instrument accessibility was limited.  As mentioned 
earlier, electrochemical surface waves were not observed on cymantrene-modified PPF, 
but this was attributed to a combination of high electrode resistance as well as to the 
instability of [Mn(CO)3(C5H4-E)]+ on this particular surface.  CVs at PPF electrodes 
(Figure 73), however, indicate successful deposition.  Since spectral acquisition using 
XPS does not require formation of [Mn(CO)3(C5H4-E)]+, data collected with this method 
should be free of problems arising from decomposition reactions.  Figure 92 is a typical 
XPS spectrum for a cymantrenium-coated electrode.  In this spectrum, the only signal 
exclusive to cymantrene is the Mn 2p peak at 640.8 eV, as the only other signals expected 
are due to C and O, which are present in PPF itself.  As with cobaltocenium films, an N 
1s signal is observed at 399.8 eV, indicative of azo functionalities.8  A most perplexing 
point is the presence of P, Cl, and F peaks, with the latter displaying a high intensity.  The 
peak attributed to Cl may in fact be a P 2s signal, or a combination of both signals, as 
resolution was not sufficient for discrimination.  Table 6 lists atomic concentrations 
calculated for the same sample  used  in  Figure 92.   As  with  XPS  spectra  obtained  for  
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Figure 92.  XPS spectrum of cymantrene-modified PPF electrode.  Modification 
conditions: DCE/1.0 mM 6, 100 s at -1.0 V.   
 
Signal (eV) Element Atomic 
Concentration (%) 
686.8 F 1s 2.85 
640.8 Mn 2p 1.29 
532.6 O 1s 6.91 
399.8 N 1s 1.30 
284.3 C 1s 83.13 
135.7 P 2p 1.00 
 
Table 5.  XPS data for PPF electrode.  Modification conditions: DCE/1.0 mM 6, 100 s at 
-1.0 V. 
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cobaltocenium electrodes, it is impractical to attempt to obtain atomic concentrations for 
some signals, as S/B ratios are not sufficient for accurate quantitation.  In the present case, 
these include the P 2p signal at 135.7 eV and the signal at 200 eV (Cl 2p or P 2s).  
However, the F 1s signal (686.8 eV) is strong, with a calculated atomic concentration of 
2.85 %, compared to 1.29 % for Mn 2p.  In this case the sample was not exposed to any 
fluorine source besides for the diazonium compound 6 (a PF6- salt) and the electrolyte 
[NBu4][PF6], leading to the conclusion that the F 1s signal must be due to PF6- anions.  
Sonication in DCE should be sufficient to remove weakly adsorbed electrolyte, so in all 
likelihood a certain amount of PF6- is trapped within films in the deposition process.  As 
mentioned previously, this is probably a factor contributing to surface wave irreversibility. 
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4.2.2.2.  IR spectroscopy 
 
     ATR-FTIR spectroscopy was employed on a modified PPF electrode to obtain further 
spectral evidence for cymantrene films on carbon surfaces.9  The only signals that are 
expected to be of sufficient intensity for observation are those arising from metal-
carbonyl stretches which appear as intense signals at 1934 and 2022 cm-1 for cymantrene 
in CH2Cl2.  Therefore, the peaks observed at 1934 and 2019 cm-1 in Figure 93 are a clear 
indication that cymantrene is attached to the PPF surface.  The peak observed at 843 cm-1 
may be attributed to either the vibrational modes of the PF6- anion, or an out of plane C-H 
deformation.10  The peak is sharper than what is typically observed for PF6- in solid or 
solution samples, but may be due to restriction of movement within films or a specific 
orientation  of the  anions.   The peak  at 745 cm-1  may be  due to  a C-H bending  or ring  
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Figure 93.  IR spectrum of cymantrene-modified PPF electrode.  Modification conditions: 
DCE/1.0 mM 6, 100 s at -1.0 V. 
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puckering, but would have to be specific to bound species as the signal is absent in 
solution or solid samples.  The only other assignable peak is that at 994 cm-1, which can 
be attributed to an in plane C-H bend, seen at 1008 cm-1 in solution.  A similar analysis of 
a modified ITO electrode revealed the presence of carbonyl peaks at 1934 and 2020 cm-1, 
but no additional useful information was gained due to an indistinct background. 
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4.3.  Experimental 
 
General considerations.  Electrochemical considerations were identical to those given in 
Chapter 3, with several exceptions.  [CoCp2][TFAB] was used as an internal standard in 
rare cases when FeCp2 interfered with voltammetric signals.  All potentials given in the 
text are referred to the FeCp20/+ reference couple, unless noted, using the experimentally 
determined value of -1.32 V vs. FeCp20/+ for [CoCp2][TFAB] in CH2Cl2 or 
DCE/[NBu4][PF6].  All voltammetry was conducted at ambient temperature in a Vacuum 
Atmospheres drybox.     
Working electrodes.  Working electrodes were prepared in the same manner as given in 
Chapter 3.  PPF, GC, Pt, and gold BAS electrodes were sonicated in DCE for 3 minutes 
after all deposition procedures.  This procedure was conducted outside of the drybox, 
although control experiments were conducted to ensure the same behavior for electrodes 
not exposed to air.  ITO electrodes were rinsed with DCE in the drybox because the 
shapes of the materials were not conducive to sonication without physical abrasion. 
Spectroscopy and microscopy.  Solution FTIR data were acquired on an ATI-Mattson 
infinity series FT-IR interfaced to a computer employing Winfirst software at a resolution 
of 4 cm-1.  ATR-FTIR on PPF was conducted by Dr. Franklin Anariba using the same 
instrumentation and conditions as listed in Chapter 3.7  ATR-FTIR on ITO was conducted 
by Dr. Keith J. Stevenson in a similar manner.  XPS spectra were acquired as in Chapter 
3.  Again, thanks are due to Richard L. McCreery for instrument training and lab use. 
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Part 2.  Anodic chemistry of organometallic piano-stool complexes 
 
Chapter 5.  Introduction to problem 
 
5.1.  General information 
 
     Half-sandwich, piano-stool complexes of the type M(η5-C5R5)(CO)3-xLx (Scheme 19, 
R = H, Me) are ubiquitous to organometallic chemistry.  They have found use in 
numerous applications including homogeneous and heterogeneous catalysis,1 organic 
synthesis,2 pharmacology3, initiation of redox reactions,4 and construction of molecular 
wires.5  Complexes containing 16 or 18 valence electrons have been studied quite 
extensively,  while  properties  of  the  typically  less  stable  17 e-  complexes  have  been  
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exploited only recently.  Of particular relevance to the research contained in this section 
are group 6 and 7 metal, three-legged piano-stool complexes bearing carbonyl, phosphine, 
and phosphite ligands.  The ease with which many compounds of this type can be 
chemically altered is of underlying importance to their widespread applicability.  These 
modifications allow the chemist to tune properties and effect desired electronic or steric 
outcomes.      
     One of the most highly studied half-sandwich transition metal compounds is the 
piano-stool complex MnCp(CO)3 (8, Cp = η5−C5H5),6,7 commonly referred to as 
cymantrene.  The Cp-substituted analogue Mn(η5-C5H4CH3)(CO)3 (MMT) is perhaps 
even more widely known due to its frequent use as a gasoline additive.8  The electronic 
properties of these species as they relate to orbital composition have been discussed in 
several reports,9-14 as has the description of observed vibrational modes.15  Redox 
properties of these compounds are not nearly as well understood, particularly in regards 
to the apparently high reactivity of chemically or electrochemically generated 19 and  
17 e- species.  The same is true for rhenium analogues (e.g. ReCp(CO)3), as their redox 
properties have only recently been explored in any detail.4,16     
     17 e- piano-stool compounds containing carbonyl ligands often readily undergo 
carbonyl substitution reactions with donating ligands, whereas their 18 e- counterparts 
react much more slowly.  These processes have been studied extensively by Kochi17 and 
Sweigart,18 although Rieger conducted the initial studies of carbonyl substitution 
reactions by electrochemical activation.19  In many cases, generation of 17 e- species can 
also result in decomposition by pathways such as loss of Cp or other ligands,20 
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deprotonation,21 disproportionation,22 or hydride formation.23  The latter reaction is 
sometimes sought, but often is undesirable.  Dimeric compounds are also prevalent 
among 17 and 18 e- species,24,25 and give rise to a range of structural features such as 
metal-metal bonds, carbonyl bridges, or Cp-Cp bonds (Scheme 20).    
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Scheme 20 
 
     An attractive feature of three-legged piano-stool complexes is that chiral metal centers 
are created when the three ligands, L, are different from each other.26  Some such 
compounds are configurationally stable, although most are not, and are subject to 
racemization or epimerization in solution.  Stable species can be used as catalyst 
precursors for organic transformations while labile species can be made use of as tools in 
the elucidation of mechanisms of configurational change.26b  The chirality of these 
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species makes them optically active, so that uncomplicated characterization is usually 
possible.  Several 17 e- piano-stool species are also known to undergo electronic 
transitions at very low energy,27 serving as an additional resource in their characterization. 
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5.2. Bonding and molecular orbital configurations 
 
     MnCp(CO)3, 8, is one of the most well-characterized η-bonded systems, and an 
examination of its bonding character is informative.  Of course, other piano-stool 
organometallic compounds can have properties quite different than those of cymantrene.  
The highest occupied molecular orbitals (HOMOs) of 8 are similar to those of FeCp2,11 
though the presence of electron-withdrawing carbonyl groups in 8 and related compounds 
leads to the conclusion that they should be harder to oxidize than FeCp2.  This 
expectation has been confirmed by photoelectron spectroscopy (PES)9,10 and by a number 
of electrochemical studies.16,17e,18c,28  However, the presence of strongly donating ligands 
can act to negate this effect. 
     The three highest filled orbitals of MnCp(CO)3 have long been described as 
originating from a t2g-like set of the d6 [Mn(CO)3]+ fragment (Scheme 21) which mixes 
weakly with the Cp- orbitals to form the HOMO to HOMO-2 of this system.11  Small 
energy separations of these orbitals occur due to Cs symmetry of 8.15e  Idealized drawings 
of the three d-orbital contributions to these frontier orbitals are shown below along with 
an energy level diagram. The orbitals are labeled according to Cs symmetry.  The 1a’ and 
1a” orbitals, which are derived from the formerly eg pair, are primarily dx2-y2 mixed with 
dyz (for 1a’) and dxy mixed with dxz (for 1a”), and contain less Cp character than the more 
metal-based 2a’ (dz2) orbital.  Importantly, these orbitals also have significant carbonyl 
character.   Detailed  ESR studies  on piano-stool radicals  are in agreement  that for 17 e-  
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radicals the singly occupied molecular orbital (SOMO) may be either 1a’ or 1a”, the 
ordering being dependent on ligand identity.  In at least two cases, CrCp(CO)3  29 and 
[MnCp(CO)2(PPh3)] +  30, a 1a” SOMO was favored. 
     The cymantrene radical cation, 8+, has a considerably reduced lifetime relative to 
FeCp2+.  This is surprising given the fact that the frontier orbitals of 8 and FeCp2 are so 
similar.  Both compounds are depicted as pseudo-octahedral systems in which the three 
carbonyls of 8+ are topologically equivalent to the Cp ligand,11 with the three highest-
energy filled orbitals for the d6 complexes being closely spaced in energy.  In the case of 
cymantrene, these orbitals are derived primarily from e- and a-type contributions of the 
Mn(CO)3 moiety,12-14 and their close spacing is evidenced experimentally by the fact that 
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the lowest energy ionizations of 8 cannot be resolved by PES.9,10  Field et al.10 conducted 
a study of the highest filled orbitals of 8 and concluded that the three e- and a-type 
orbitals have significant metal-ligand mixing, a further implication that 8+ should be 
relatively stable.   
     The degree of metal character in the SOMO has been shown to be in the range of 
about 36-67 % for a number of d5 piano-stool compounds, as determined using ESR 
spectroscopy.29,30  For a dilute single-crystal of CrCp(CO)3 in MnCp(CO)3, the SOMO 
was shown to have about a 40% Cr 3d character.30,31  Only carbonyl-substituted 17 e- Mn 
complexes have been reported, the most detailed study involving [MnCp(CO)L2]+,  
L = PMe3 or PPh3, [MnCp(CO)L’]+, L’ = bisphosphino ligand, and 
[MnCp(CO)2(PPh3)]+.30  Despite each of the radicals having distinctly rhombic ESR 
spectra, and the complication of showing significant misalignments between the axes of 
the g-tensor and the 55Mn A-tensor, Pike et al.30 concluded that the SOMOs contained 
about 2/3 Mn character.  The d-orbital was interpreted as being a hybrid of dx2-y2, dxz, and 
dz2 orbitals formed by spin-orbit coupling.  Spectra have also been reported for piano-
stool Mn radicals in which one carbonyl has been replaced by a single-electron donor. 
These include MnCp*(CO)2L, L = SR),32  MnCp(CO)2(RNH2),33 Mn(C5H5-
nMen)(CO)2L,34 where L is an unsaturated nitrogen ligand, MnCp(CO)2(4-
cyanopyridine),35 and MnCp(CO)2L’, L’ = [RC6H4NH]-.35  However, these complexes 
have been shown to be essentially organic radicals gaining stabilization from bonding to 
the MnCp(CO)2 moiety.   
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     The discovery of low energy electronic absorptions for the piano-stool radicals  
Cr(η5-C5Ph5)(CO)3 and [MnCp(CO)2(PPh3)]+ 27 by Geiger and Atwood are attributed to 
metal-metal transitions arising from splitting of the close-lying electronic states of the 
radical cations, as shown in Scheme 21.  Transitions of this type are weak, with 
absorptivities of ε < 100 M-1.  The loss of symmetry is not unexpected, and may occur 
through distortion of CO-Mn-CO bond angles or distortion within the Cp ligand.  It is 
predicted that radicals with lower symmetry will possess higher absorption energies in 
the near IR.  
     Metal-to-carbonyl back-bonding is an important contribution to the overall stability of 
organometallic carbonyl complexes.  The amount of back-bonding in 18 e- systems is 
generally sufficient to inhibit loss of carbonyl groups, which would result in general 
decomposition or substitution reactions.  However, upon generation of 17 e- radicals, 
back-bonding is weakened significantly and may contribute to the instability of such 
complexes.  The weakening is observed by differences in M-C-O bond lengths for  
18 e-/17 e- pairs such as ReCp(CO)3/[ReCp(CO)3]+.36  As is typical for such examples, 
DFT calculations show that compared to ReCp(CO)3, Re-C(O) bonds in [ReCp(CO)3]+ 
are lengthened (∆d(Re-C(O)) = + 0.036 Ǻ), while C-O bonds are shortened  
(∆d(C-O) = - 0.017 Ǻ).  
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5.3. Anodic electrochemistry  
 
     Piano-stool derivatives having an odd number of electrons in their valence shell were 
once considered as non-isolable intermediates, being extremely reactive and short-lived.  
While this seems to be true in many cases, several examples now exist of stable odd-
electron species, particularly those possessing 17 outer-shell electrons.37  In 
electrochemical experiments, persistence of 17 e- half-sandwich radicals often depends 
on several factors, notably the exclusion of water and oxygen, the nature of electrolyte 
ions, solvent polarity, solvent donor strength, and temperature.     
     The oxidative electrochemistry of transition metal piano-stool compounds is 
remarkably diverse, and accordingly this discussion is limited for the most part to specific 
examples of group 6 and 7 metal complexes.  Compounds of the type MCp(CO)3 (M = Cr, 
Mo, W) are isoelectronic with cationic Mn and Re analogues and, not surprisingly, 
species in both categories are considered highly reactive compared to their 18 e- 
counterparts.4,16,17e,18c,24e,28,29,36-39  MoCp(CO)3 and WCp(CO)3 possess a chemistry that is 
heavily influenced by metal-based radical reactions, including metal-metal dimerizations 
(discussed below). 39  In these cases, the highly reactive nature of monomeric radicals 
means that generation of persistent 17 e- complexes generally requires an alternate to the 
Cp ligand, or else replacement of Mo and W with the smaller Cr metal center.40   
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5.3.1  Weakly coordinating anions       
 
     An important factor effecting the decomposition of 17 e- cations in electrochemical 
media is nucleophilic attack of the electrophilic metal center by electrolyte anions.41,42  
With the emergence of weakly coordinating electrolyte anions such as [TFAB]- (TFAB) 
and [B(C6H3(CF3)2)4]- (Barf24) in the past two decades,43 a number of long-sought cation 
radicals have now been established as accessible species.  For example, using Barf24 as 
the electrolyte anion, RuCp2 and OsCp2 were shown to undergo reversible, 1 e- 
oxidations in CH2Cl2.44  In the presence of traditional electrolytes the two compounds 
exhibit irreversible oxidations,42 indicating the occurrence of a chemical reaction 
involving 17 e- species.  Using TFAB and Barf salts, Geiger et al. have presented many 
examples of previously elusive sandwich or half-sandwich radical cations and bimetallic 
cations, examples of which include [CoCp(CO)2]+,24e,41b [CoCp(CO)2]2+,24e [RuCp2]22+,45 
and [ReCp(CO)3]22+.4,36 
     Although not intentionally exploited in the work presented here, several other benefits 
are coupled to the use of the WCAs TFAB and Barf24.  These include the ability to tune 
∆E1/2 values of bi- and oligometallic compounds,46 increase conductivity (compared to 
traditional electrolytes) in low-polarity solvents,47 and increase solubility of 
electrochemically generated cations in low-polarity solvents.24e,48  Each of these benefits 
can be of tremendous significance under particular circumstances, but the last point has 
been especially valuable, as metal carbonyl cations are notorious for being poorly soluble 
in traditional organic solvents (e.g. CH2Cl2).       
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     Potentially excellent candidates for electrochemical studies involving WCAs are 
MnCp(CO)3 and its analogues.  A number of groups have shown16,17e,18c,28a-b,49 that the 
one-electron anodic oxidation of MnCp(CO)3 is at least partially chemically reversible on 
the CV time scale in nonaqueous media, but based on the published work, even in-situ 
spectral characterization of 8+ has apparently eluded investigators.50  It has been 
postulated, but not established, that electrochemical measurements are complicated 
because of the insolubility of product salts (e.g. [8][PF6]), resulting in electrode 
adsorption problems.49    
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5.3.2.  Oxidatively-induced dimerization 
 
     Transition metal dimers of the formula [MCpLn]2, termed piano-stool dimers, are 
well-known and well-represented in the literature.24,25  The dimers display a variety of 
structural differences according to the nature of the metal center and the attached ligands.  
In many cases, dimerization reactions involve metal-metal bond formation,24 although 
there is ample precedence for dimerization occurring through Cp rings.25  Cp-Cp and 
metal-metal bonding is also well-documented for metallocenes, biruthenocene being one 
example.45,51  While most piano-stool dimers contain a strong, unsupported M-M bond, 
there are some examples of carbonyl-bridged dimers (Scheme 20).24f,24h  Carbonyl-
bridged dimers may exist in equilibrium with dimers having all-terminal carbonyl groups. 
     Although piano-stool dimers can be prepared in a variety of ways, this discussion is 
limited to their preparation by oxidative techniques.  In general, the starting material is a 
stable 18 e- monomer of the form MCpLn, and oxidation is achieved by electrochemical 
means in order to gain mechanistic insights and to execute precise stoichiometric control.  
If so desired, dimers can be generated using appropriate oxidizing agents rather than 
electrochemical techniques.  Equations relevant to this topic are listed below.  In Eq 11, 
an 18 e- piano-stool compound is oxidized to the corresponding 17 e- radical cation, 
which may undergo dimerization with another radical species as in Eq 12, or with neutral 
starting material, as in Eq 13 (termed a radical-substrate dimerization).  If the latter 
occurs, the positive potential being applied is typically sufficient to oxidize the 
monocationic dimer, consequently  generating the dicationic dimer (Eq 14).  This product 
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                                 MCpLn          [MCpLn]+   +   e-           (11) 
     2[MCpLn]+          [MCpLn]22+                      (12) 
                       [MCpLn]+   +  [MCpLn]           [MCpLn]2+     (13) 
                            [MCpLn]2+          [MCpLn]22+   +   e-  (14) 
                                 [MCpLn]22+   +    2e-         2MCpLn (15)  
 
may be persistent, or a reductive process may be carried out to generate a more stable 
neutral dimer, as shown in Eq 15. 
     Only a handful of examples exist in the literature for the preparation of piano-stool 
dimers by oxidative electrochemistry.  In one report,24e CoCp(CO)2 undergoes a radical-
substrate dimerization which is followed by oxidation to the dicationic dimer.  Attributed 
to the use of the TFAB electrolyte anion, this is the first ever direct voltammetric 
confirmation of a radical-substrate species.  In other reports, the oxidation products of 
RhCp(PPh3)2 and RhCp(PPh3)CO were demonstrated to be reducible dications of their 
respective fulvalene complexes.25a   
     Although not oxidatively generated, [CrCp(CO)3]2 has been studied extensively by 
CV methods.24e,25c39u  Geiger et al. were able to determine dimerization rate constants for 
CrCp(CO)3 and its permethylated analogue using fast-scan cyclic voltammetry.24e  
Although thermodynamic factors clearly favored higher dissociation of the Cp* dimer 
over the Cp dimer, an unusual result was obtained in that the dimerization rate constants 
were of the opposite order.  Analogous Mo and W dimerization rates could not be studied 
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using voltammetry due to the very low equilibrium concentrations of monomers.  
Oxidations of [MoCp(CO)3]2 and [WCp(CO)3]2 do in fact result in monomer formation, 
but the products dimerize within milliseconds.52  Data are consistent with an ECE 
mechanism, given in Eqs 16-18.  Generation of persistent 17 e- complexes of the heavier 
group 6 metals requires an alternate to the Cp ligand or, as demonstrated by Poli et al., 
stabilization by strongly donating and sterically protecting phosphine ligands.53  
 
               [MCp(CO)3]2         [MCp(CO)3]2+   +   e-                   (16) 
              [MCp(CO)3]2+          [MCp(CO)3]+   +   MCp(CO)3     (17) 
                    MCp(CO)3          [MCp(CO)3]+   +   e-                       (18) 
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5.3.3.  Carbonyl substitution reactions 
 
     The ability to alter the chemistry of piano-stool compounds is greatly enhanced by the 
use of redox-induced M-CO bond activation.  The production of reactive 17 and 19 e- 
intermediates can promote reactions that proceed very slowly or not at all for 18 e- 
counterparts.17a,19  Oxidation of 18 e- compounds increases electrophilicity of the metal 
center and weakens metal-to-carbonyl back-bonding, both important factors contributing 
to facile substitution reactions.  There is good reason to believe that 17 e- complexes react 
with ligands by an associative pathway, that is, that a 19 e- complex is formed as an 
intermediate.54  Substitution at 19 e- centers is thought to occur by dissociative 
means.19,54a,55    
     For group 6 and 7 metal piano-stool compounds, facile substitution of carbonyl 
ligands by oxidative electroactivation is not uncommon.17-18  In these reactions, the use of 
electron-donating ligands such as phosphines or phosphites is ideal,18 with solvent 
adducts involving CH3CN or THF often generated as well.  The steps in the general 
substitution process are given in Eqs 19-21, and a simulated CV using this ECE 
mechanism is supplied in Figure 88.  The process also works well with certain species 
possessing aryl, rather than Cp ligands.   
     Kochi has done a tremendous amount of work in the area of manganese carbonyl 
substitution chemistry, although his major contribution was the introduction of an 
oxidative approach to electron-transfer-catalyzed (e.t.c.) substitution reactions17 
(reductive  e.t.c substitutions  were already known), and  not stoichiometric reactions.  To 
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                             MCp(CO)n          [MCp(CO)n]+   +   e-                 (19) 
           [MCp(CO)n]+   +   PR3          [MCp(CO)n-x(PR3)x]+               (20) 
   [MCp(CO)n-x(PR3)x]+   +   e-          MCp(CO)n-x(PR3)x                   (21) 
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Figure 94.  Simulation of a CV of MCp(CO)3 in solution with 1 eq donating ligand L, 
assuming an ECE mechanism.  Keq = 106 M-1, kf = 500 M-1 s-1.   
 
make such reactions catalytic in nature, it was necessary to use as starting material piano-
stool compounds containing strong donor ligands such as CH3CN or pyridine.   
     Oxidatively-induced substitution reactions are useful in preparative processes, but can 
also be applied to the determination of the relative reactivity of related compounds.  For 
example, Sweigart et al. were able to measure the rate constants for CO-substitution by 
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P(OEt)3 for a number of cymantrene analogues,18c and validated the expectation that 
increasing steric congestion near the metal decreases reactivity.  The same group has 
exploited this fact to slow down substitution rates so that treatment by digital simulations 
could be easily employed.18b   
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Chapter 6.  The Cymantrene Radical Cation Family: Characterization of the Half-
Sandwich Analogues of Ferrocenium Ion 
 
6.1.  Anodic Electrochemistry 
 
6.1.1  Anodic electrochemistry of MnCp(CO)3, 8   
 
     With traditional supporting electrolytes such as [NBu4][PF6] or [NBu4][BF4], 
reversible CVs are obtained for 8 in CH2Cl2 at scan rates greater than 0.1 V s-1, although 
partial electrode passivation is evident after several scans (see Figure 95).  Oxidation 
occurs at E1/2 = 0.92 V, in agreement with literature values.1  In order to quantify the 
adsorption taking place, double potential step chronoamperometry (DPSCA) was 
conducted in CH2Cl2/0.1 M [NBu4][PF6].  Figure 96 shows a representative Anson plot2 
for the oxidation of 8 and subsequent reduction of 8+.  For a step time of 1 s, the ratio of 
the slopes in the Anson plot is 0.91, not far enough from unity to suggest adsorption of 8+ 
in any significant amount.  It was decided to confirm whether or not chemical 
decomposition of 8+ occurs in the presence of PF6-, since this had not been previously 
determined.  To this end, 8+ was generated at 298 K by controlled potential coulometry of 
8 at 1.3 V in CH2Cl2/0.1 M [NBu4][PF6].  In several experiments, the coulomb count for 
the complete oxidation (< 1.5 % of the original current) was variable but always 
corresponded to a value of 3-4 e- per mole of analyte, not the 1 e- expected for generation 
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Figure 95.  A) 1.0 mM 8 in CH2Cl2/0.1 M [NBu4][PF6] at 298 K.  1 mm GCE, 0.1 V s-1.  
Solid line: 1st scan.  Dashed line: 10th consecutive scan. B) 0.6 mM 8 in CH2Cl2/0.05 M 
[NBu4][TFAB].  1 mm GCE, 0.1 V s-1.   
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Figure 96.  Anson plot for oxidation wave of 1.1 mM 8 in CH2Cl2/0.1 M [NBu4][PF6] at 
298 K.  Step time 1 s, 3 mm GCE. 
 
of a stable 17 e- species.  CV and LSV scans on the resulting black solution show no 
evidence of 8+, and two irreversible reductions were observed at Epc = -0.48 V and -1.34 
V at 0.1 V/s (Figure 97).  An irreversible oxidation was also observed at Epa = 1.39 V at 
the same scan rate.  Furthermore, IR spectroscopy on the electrolyzed solution showed no 
evidence of metal-carbonyl species except for a small amount of 8.  Double potential step 
chronocoulometry (DPSCC), a useful technique for determination of chemical 
reversibility,3 was carried out on a solution of 8 in the same medium, and values for 
irev/ifwd at 2τ were less than 0.20 for all step times (from 0.5 s to 5 s).  The model system 
FeCp2 in the same medium gave values of 0.26-0.28 for the same step times, implying 
that  8+  is  not  quantitatively  reduced  back  to  8  due to  chemical decomposition of the  
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Figure 97.  A) CV of 3.5 mM 8 in CH2Cl2/0.1 M [NBu4][PF6] after bulk oxidation at 1.3 
V.  B) LSVs of solution before (solid line) and after (dotted line) bulk oxidation.  2 mm 
GCE, 0.1 V s-1.  
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cation.  The PF6- anion is thus seen to affect 8+ in two ways:  through weak adsorption as 
[8][PF6] onto GCEs, and as a nucleophile leading to decomposition of the 17 e- species.  
As discussed below, electrochemistry in media containing WCA supporting electrolytes 
obviate both of these effects.    
     In CH2Cl2/0.05 M [NBu4][TFAB], CV scans are very similar to those observed in the 
previous medium, with the exception that there is no change in wave shape after several 
scans, thus indicating elimination of electrode history problems.  The E1/2 of the 80/+ 
couple in this medium is 0.92 V, the same as in CH2Cl2/[NBu4][PF6].  Controlled 
potential coulometry of yellow 8 at 1.1 V released 0.95 F/eq at 298 K and resulted in a 
dark purple solution.  CV and LSV scans on the oxidized solution showed a reversible 
reduction, attributed to 8+, and also two small, broad irreversible reductions at Epc = ca. 
 -0.56 V and ca. -1.50 V (Figure 98).  Solution IR showed two strong absorptions (Table 
6) with an average value of νCO = 2078 cm-1 (νCO = (νsym + 2νasym)/3), whereas for neutral 
8 νCO = 1963 cm-1.  This shift of 115 cm-1 is in the range expected for an organometallic 
piano-stool complex that has been oxidized by 1 e-.4  See Table 6 for individual carbonyl 
stretching frequencies for 8, 3, and 9 and their respective cations.  Controlled potential 
electrolysis at 0.5 V regenerates 8 in 90 % yield (relative to [8+]), as determined by 
coulometry and linear sweep voltammetry (LSV).  Similar results have been obtained for 
the bulk oxidation of 8 at 263 K, but with the absence of any electroactive side products, 
and regeneration of 8 in quantitative yield.  Additionally, an IR-spectroelectrochemical 
experiment was performed in the same medium at 253 K.  The spectra are shown in 
Figure 99, in  which the  absorptions due to 8+ become stronger as the oxidation proceeds. 
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Figure 98.  CVs after  bulk oxidation at 1.1 V of 4.0 mM 8 in CH2Cl2/0.05 M 
[NBu4][TFAB] at 298 K.  1 mm GCE, 0.1 V s-1.   
 
 
 E1/2 (V) νsym (cm-1) νasym (cm-1) νCO (cm-1) 
8 0.92 2022 
(2020) 
1934 (1932) 1963 
8+  2118 
(2116) 
2058 (2061, 
2050) 
2078 
3 0.62 2012 1921 1951 
3+  2084 2032 2049 
9 0.64 2004 1917 1946 
9+  2093 2033 2053 
                         Values in parentheses are data at 253 k 
 
Table 6.  Infrared spectroscopy data for compounds dissolved in CH2Cl2 at 298 K.  
 νCO = (νsym + 2νasym)/3.     
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The lower energy band is resolved into two peaks at 2061 and 2050 cm-1 due to the low 
temperature.  No other peaks are present, and therefore it is unlikely that any side 
products generated contain metal-carbonyl functionalities.  Taken together, these data 
indicate that the cymantrene cation is stable at or below room temperature in solutions 
containing benign electrolytes. 
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Figure 99.  In situ IR spectroelectrochemistry of 5.0 mM 8 in CH2Cl2/0.05 M 
[NBu4][TFAB] at 253 K recorded during bulk electrolysis at Eapp = 1.1 V. Arrows 
indicate increase or decrease in intensity of infrared absorptions as oxidation proceeds. 
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6.1.2.  Anodic electrochemistry of MnCp*(CO)3, 9   
 
     Electrochemically, 9 behaves much like 8, although the oxidation is more facile, with 
an E1/2 of 0.64 V.  The difference of 0.28 V compared to 8 is in the range expected for the 
substitution of five methyl groups in a Cp ring.5  Electrode passivation occurs in the 
presence of PF6-, with controlled potential coulometry requiring greater than 2 e- 
equivalents for completion.  Although apparently stable on the CV time scale, 9+ is 
obtained in only 40 % yield following bulk oxidation in CH2Cl2/[NBu4][PF6], as 
determined by IR spectroscopy and LSV.  Two electroactive side products are observed 
by CV, one an irreversible oxidation at Epa = 1.39 V and the other a quasi-reversible 
reduction  with Epc = -0.87 V, both at ν = 0.1 V s-1 (Figure 100).  The wave at 1.39 V is at  
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Figure 100.  CV of 3.0 mM 9 in CH2Cl2/0.05 M [NBu4][PF6] after bulk oxidation at 1.0 
V.  3 mm GCE, 0.1 V s-1.  
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the same potential observed for the oxidation product of 8 under the same conditions, and 
therefore can be tentatively attributed to a Mn decomposition product lacking a 
carbocyclic ring. 
     In CH2Cl2/[NBu4][TFAB] at 298 K, 9+ was generated via controlled potential 
coulometry in 66 % yield, and three waves were seen as evidence of side products.  Two 
quasi-reversible reductions appeared at Epc = -0.42 V and -0.89 V, and one irreversible 
reduction at Epc = -1.35 V at ν = 0.1 V s-1 (Figure 101).  During the course of the 
electrolysis, the original yellow solution changed to a vibrant turquoise.  The IR spectrum 
of the electrolysis solution showed two strong carbonyl absorptions with νCO = 2053 cm-1 
(Table 6).  For 9, νCO = 1946 cm-1 in CH2Cl2, giving a shift of 107 cm-1 in going from 9 to 
9+, again within the expected range.4  Back reduction of the electrolysis solution 
regenerated 11 in 85 % yield (relative to [9+]). 
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Figure 101.  CV of 1.1 mM 9 in CH2Cl2/0.05 M [NBu4][TFAB] after bulk oxidation at 
1.0 V.  1 mm GCE, 0.1 V s-1.  
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6.1.3.  Anodic electrochemistry of Mn(η5-C5H4NH2)(CO)3, 3   
 
     In CH2Cl2/0.05 M [NBu4][TFAB], 3 exhibits a reversible one-electron oxidation with 
an E1/2 of 0.62 V.  The difference of 0.30 V compared to 8 is in the range expected for 
substitution of an amine group for hydrogen in a Cp ring.5  Controlled potential 
coulometry was used to generate 3+ at 298 K, and a very minor side product was 
observed by CV as an irreversible reduction with Epc = -1.2 V at ν = 0.1 V/s (Figure 102).  
The color of the electrolysis solution gradually changed from pale yellow to pale green 
during the course of the reaction.  Bulk oxidation yielded only 55 % 3+, but back 
reduction at Eapp = 0.07 V was essentially quantitative (relative to [3+]).  IR spectra of the 
3+ electrolysis solution gave νCO = 2049 cm-1, a 108 cm-1 shift from the neutral compound 
(Table 6).  Based on CV behavior, the incomplete formation of cation is attributed to the 
formation of a decomposition product that is not electroactive.          
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Figure 102.  CV after  bulk oxidation at 0.8 V of 1.6 mM 3 in CH2Cl2/0.05 M 
[NBu4][TFAB] at 298 K.  1 mm GCE, 0.1 V s-1.   
  
 
 
 
219 
6.1.4.  Carbonyl substitution reactions 
      
     The choice of donor ligand for use in carbonyl substitution reactions is rather limited 
for this selection of compounds owing to their rather positive E1/2 values.  The donor 
must not possess an oxidation potential more negative than the parent complexes, and 
must also yield a stable species upon reaction.  Phosphite ligands meet these criteria, and 
P(OMe)3, P(OEt)3, and P(OPh)3 were investigated in this research.  Each of these ligands 
possesses an oxidation potential considerably positive of the E1/2 values of 80/+, 30/+, and 
90/+ in CH2Cl2/[NBu4][TFAB].   
     Only preliminary experiments were conducted using P(OMe)3 and P(OEt)3, as it was 
promptly determined that with both ligands substitution rates were rapid and that mono- 
and di-substitution reactions were occurring.  The CV scans in Figures 103 and 104 
indicate extremely fast substitution rates at low phosphite concentrations, as evidenced by 
the irreversibility of the original 80/+ wave (E1/2 = 0.92 V).  An additional indication of a 
rapid reaction is the splitting of the anodic portion of the 80/+ wave at sub-stoichiometric 
ligand concentrations.6  These details, along with the added complication of more than 
one product, make comparison of reaction rates by digital simulation impractical.  In 
Figure 103, the two substitution products are assigned as MnCp(CO)2P(OMe)3, Epc = ca. 
0.3 V,  and MnCp(CO)(P(OMe)3)2, Epc = ca. -0.4 V.  Table 7 gives E1/2 values for 
substituted products as determined by CV experiments.  At the higher ligand 
concentration only the kinetically shifted anodic feature is observed, in concert with 
expectations,6,7 and just one product wave is visible, attributed to the disubstituted species.  
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Figure 103.  CVs of 5 mM 8 with 0.4 eq (solid line) and 1.2 eq (dashed line) P(OMe)3 in 
CH2Cl2/0.05 M [NBu4][TFAB] at 298 K.  3 mm GCE, 0.1 V s-1.   
 
 
-1.2-0.40.41.2
Volt vs. FeCp20/+
0.1
0.5
1
40 uA
ic
ia
Scan Rate (V s-1)
 
Figure 104.  CVs of 3 mM 8 with 0.37 eq P(OEt)3 in CH2Cl2/0.05 M [NBu4][TFAB] at 
298 K.  2 mm GCE. 
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 E1/2 of monosubstituted species  (V) E1/2 of disubstituted 
 species  (V) 
 
L = P(OMe)3 L = P(OEt)3 L = P(OPh)3 L = P(OMe)3 L = P(OEt)3 
8 0.40 0.31 0.47 -0.29 -0.27 
3 NA NA 0.30 NA NA 
9 NA 0.05 0.27 NA NA 
 
Table 7.  E1/2 values of phosphite-substituted complexes in CH2Cl2/[NBu4][TFAB]. 
 
Similar results were obtained for P(OEt)3, shown in Figure 104.  The mono- and 
disubstituted products are observed at Epc = ca. 0.2 V and Epc = ca. -0.45 V, respectively.  
Interestingly, a higher degree of  reversibility is apparent for 8 with 0.4 eq P(OMe)3 than 
with a similar proportion of P(OEt)3, implying reaction with the latter is either kinetically 
or thermodynamically favored over the former.  This is contrary to expectations based on 
steric effects, though elucidation would require a comprehensive investigation.  Sweigart 
et al. obtained a very fast rate of kf = ca. 108 M-1 s-1 for P(OEt)3 (mono-) substitution at 
[Mn(η5-C5H4Me)(CO)3]+.7  
     In order to gain insight into the relative reactivities of 8+, 3+, and 9+, a series of 
experiments was conducted with 1 mM solutions of 8, 3, or 9 in CH2Cl2/0.05 M 
[NBu4][TFAB], using between 2 and 8 equivalents P(OPh)3.  The large size and cone 
angle of this ligand compared to other phosphites8 eliminated production of disubstituted 
species and gave an apparently slower substitution rate.  Simulations were employed to 
determine thermodynamic and kinetic parameters for the substitution reactions, as shown 
with selected examples in Figure 105.  The basic equations relevant to this process are 
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given below.  Based on simulations, it was determined that the lower limit for Keq (Eq 23) 
in all systems was approximately 106 M-1, and this value was used consistently.     
 
       MnCp(CO)3             MnCp(CO)3+   +    e-   (22) 
 MnCp(CO)3+ + P(OPh)3         MnCp(CO)2P(OPh)3+ + CO                   (23) 
 
Other relevant simulation parameters are listed in Table 8.  Expectedly, the value of kf 
obtained for 8+, 7 x 103 M-1 s-1, is much higher than those for 3+ and 9+.  Not as 
expectedly, the rate difference between 8+ and 3+ is not nearly as large as that between 3+ 
and 9+. Given the similar donation abilities of the Cp ligands for the latter two species, 
this effect must arise from increased steric hindrance of the metal center when the Cp 
ring is per-substituted, rather than monosubstituted.  A steric effect arising from Cp 
substituents was noted by Sweigart et al.,7 who reported that the rate constant for 
substitution by P(OEt)3 decreased by an order of magnitude when bulky phenyl and butyl 
groups were added to the Cp ring of Mn(η5-C5H4CH3)(CO)3. 
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Figure 105.  Experimental (circles) and simulated CVs in CH2Cl2/0.1 M [NBu4][TFAB] 
for A) 1.0 mM 8, 2.0 mM P(OPh)3. 1 mm GCE, ν = 2.0 V s-1.  B) 1.0 mM 3, 2.0 mM 
P(OPh)3. 1 mm GCE, ν = 0.75 V s-1.  C)  1.0 mM 9, 4.0 mM P(OPh)3.  1 mm GCE, ν = 
0.75 V s-1. 
 
 
 kf (M-1 s-1) ks (non-sub) (cm s-1) ks (product) (cm s-1) α β 
8 7 x 103 0.07 0.013 0.5 0.6 
3 2 x 102 0.07 0.008 0.5 0.6 
9 4  0.05 0.015 0.5 0.6 
α = electron transfer coefficient for unsubstituted species 
β = 1 - α = electron transfer coefficient for substituted species 
 
Table 8.  Relevant simulation parameters for substitution of 8+, 3+, and 9+ by P(OPh)3 in 
CH2Cl2/[NBu4][TFAB].   
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6.2.  Crystal structures of [3][TFAB] and [9][TFAB] 
 
     Since 3+ and 9+ were more amenable than 8+ to isolation by chemical oxidation of the 
corresponding neutral compounds, salts of these two cations were selected for structural 
analysis.  TFAB salts of 3+ and 9+ were isolated through chemical oxidation of the neutral 
complexes by the strong one-electron oxidant [ReCp(CO)3]+.9  
     Crystalline [9][TFAB] is an air-sensitive turquoise solid, the structure of which is 
shown in Figure 106.  Table 9 lists important bond distances and angles for this sample, 
and collection parameters along with the complete data set are located in the Appendix.  
The metal is centered 1.768 Ǻ below the C5 ring, essentially the same as the distance 
calculated for neutral 9.10  The methyl carbons are out of the plane of the C5 ring, with the 
angle  of  the  C-C bond  ranging  from 2.0 to 5.6° relative to the ring, bent away from the  
 
C(1) C(2) C(3)
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C(5)
C(11)
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O(3)
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Figure 106.  Diagram of the molecular structure of 9+ with 50 % probability ellipsoids.  
Hydrogens and TFAB counteranion omitted for clarity. 
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Bond lengths (Å) 
Mn-C(1)                 2.158(4) Mn-C(12)                1.866(5) C(1)-C(2)                 1.416(6) 
Mn-C(2)                 2.137(4) Mn-C(13)                1.898(4) C(2)-C(3)                 1.458(6) 
Mn-C(3)                 2.134(4) C(11)-O(1)              1.120(6) C(3)-C(4)         1.424(6) 
Mn-C(4)                 2.132(4) C(12)-O(2)              1.119(6) C(4)-C(5)         1.403(6) 
Mn-C(5)                 2.150(4) C(13)-O(3)              1.098(5) Mn-to-center C5       1.768 
Mn-C(11)               1.852(6) C(1)-C(5)                1.408(6)  
Bond angles (degrees) 
C(11)-Mn-C(12)       87.6(2) C(12)-Mn-C(13)     103.76(19) O(2)-C(12)-Mn         177.7(5) 
C(11)-Mn-C(13)     92.82(19) O(1)-C(11)-Mn       178.5(4) O(3)-C(13)-Mn         175.3(4) 
 
Table 9. Selected bond lengths (Å) and bond angles (degrees) for  
[Mn(η5-C5Me5)(CO)3,]+, 9+. 
 
Mn center.  This is not the case for neutral 9, in which the methyl carbons are apparently 
in plane with the ring.10  Another interesting aspect is that one of the C(O)-Mn-C(O) 
bond angles is severely distorted, increasing to 103.8° from the ideal value of 90° in an 
octahedral system, reducing the symmetry of the cation to Cs.  A similar distortion has 
been computed for the third-row analogue [ReCp(CO)3]+, and was interpreted as arising 
from rehybridization of the SOMO.9b  Also significant are the longer Mn-C(O) bonds and 
shorter C-O bonds in 9+ compared to 9 (average changes of +0.143 and -0.63 Ǻ, 
respectively).  These can be at least qualitatively explained by a decrease in metal-to-
carbonyl back-bonding in the cationic species.  The changes are extreme, however, when 
compared to those observed in going from 3 to 3+.  Mn-C(O) bonds changed by only 
+0.006 Ǻ and C-O bonds by -0.003 Ǻ from the reduced to oxidized species.  
Significantly smaller changes have also been computed for the pair [ReCp(CO)3]+ and 
ReCp(CO)3 (average changes of +0.036 Ǻ for Re-C(O) and -0.017 Ǻ for C-O).9b  It is 
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worthwhile to compare these data to bond length changes reported in the literature in 
going from Mn(Ph-C3B7H9)(CO)3 to [Mn(Ph-C3B7H9)(CO)3]n (n = -1, -2).11a  In going 
from the n = -2 to the n = -1 species, changes of +0.023 Ǻ for Mn-C(O) and -0.011 Ǻ for 
C-O were observed. In going from the n= -1 to the neutral species, changes of +0.013 Ǻ 
for Mn-C(O) and -0.011 Ǻ  for C-O were observed. The smaller differences for this 
carboranyl system may be due to less electronic delocalization in the anionic species.11a  
Regarding half-sandwich organometallic complexes, the largest changes in M-C(O) bond 
lengths induced by a 1 e- gain or loss were reported by Connelly et al. for the oxidation of 
WTp’(CO)X(η-C2Me2) (Tp’ = tris(3,5-dimethylpyrazolyl)borate, X = Cl or Br).11b  The 
cationic species exhibited Mn-C(O) bond length increases of +0.176 Ǻ and + 0.146 Ǻ for 
the Br and Cl complexes, respectively, while C-O distances decreased by -0.084 Ǻ and  
-0.060 Ǻ.  Redox-induced M-C(O) bond length changes are available for several other 
complexes.11c 
     Crystalline [3][TFAB] is an air-sensitive green solid, the structure of which is shown 
in Figure 107.  Table 10 lists selected bond distances and angles, with collection 
parameters and a complete data set located in the Appendix.  The structure of neutral 3 is 
supplied as well, as it had not been solved prior to this work.  The molecular arrangement 
is shown in Figure 108, selected bond distances and angles are given in Table 10, and 
collection parameters and a complete data set are located in the Appendix.  Unlike 
[9][TFAB], for both 3 and 3+ all three C(O)-Mn-C(O) bond angles are close to the 
expected octahedral value of 90°.  The neutral species exhibits a significant distortion of 
the C5  ring,  with  the nitrogen-bound  carbon (C(N))  bent out  of the plane made  by the  
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Figure 107.  Diagram of the molecular structure of 3+ with 50 % probability ellipsoids.  
Hydrogens and TFAB counteranion omitted for clarity. 
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Figure 108.  Diagram of the molecular structure of 3 with 50 % probability ellipsoids.  
Hydrogens omitted for clarity. 
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Bond lengths (Å) 
Bond Mn(η5-C5H4NH2)(CO)3 [Mn(η5-C5H4NH2)(CO)3]+ 
Mn-C(1)                              2.2318(19)                                  2.127(3) 
Mn-C(2)                              2.151(2)                                      2.155(3) 
Mn-C(3)                              2.118(2)                                      2.149(3) 
Mn-C(4)                              2.115(2)                                      2.149(3) 
Mn-C(5)                              2.155(2)                                      2.152(3) 
Mn-C(11)                            1.794(2)                                      1.798(3) 
Mn-C(12)                            1.790(2)                                      1.801(3) 
Mn-C(13)                            1.795(2)                                      1.799(3) 
O(1)-C(11)                          1.152(3)                                      1.147(4) 
O(2)-C(12)                          1.152(3)                                      1.149(3) 
O(3)-C(13)                          1.147(3)                                      1.144(4) 
C(1)-C(5)                            1.412(3)                                      1.407(4) 
C(1)-C(2)                            1.424(3)                                      1.423(4) 
C(2)-C(3)                            1.420(3)                                      1.417(4) 
C(3)-C(4)                            1.411(3)                                      1.418(4) 
C(4)-C(5)                            1.428(3)                                      1.418(4) 
N-C                                      1.380(2)                                     1.461(4) 
Mn-to-center C4                    1.782                                         1.776 
Bond angles (degrees) 
Angle Mn(η5-C5H4NH2)(CO)3 [Mn(η5-C5H4NH2)(CO)3]+ 
C(11)-Mn-C(12)                      92.22(10)                                   92.16(14) 
C(11)-Mn-C(13)                      95.06(10)                                   90.85(14) 
C(12)-Mn-C(13)                      91.35(10)                                   90.01(13) 
O(1)-C(11)-Mn                        177.2(2)                                      179.0(3) 
O(2)-C(12)-Mn                        179.08(19)                                  178.1(3) 
O(3)-C(13)-Mn                        178.6(2)                                      179.2(3) 
 
Table 10. Selected bond lengths (Å) and bond angles (degrees) for  
Mn(η5-C5H4NH2)(CO)3, 3, and [Mn(η5-C5H4NH2)(CO)3]+, 3+. 
 
remaining four carbons by 4.3° (The three points used in this calculation are the C(N) 
atom, the midpoint of the two carbons adjacent to the C(N) atom, and the point within the 
C4 plane that is closest to the C(N) atom).  The cationic species is not nearly as distorted, 
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with an out-of-plane angle of just 1.0°.  A comparison of the bond lengths of Mn-C(N) 
with the other four Mn-C distances can be used as an alternate measure of ring distortion 
(2.23 Ǻ in 3 vs. 2.13 Ǻ in 3+).  Although no explanation is offered for the lack of ring 
planarity in 3, the transformation observed upon oxidation might be a result of charge 
localization, where the positive Mn center in 3+ exhibits some electrostatic attraction 
towards the CN moiety.  Concurrent with Mn-C(N) bond length shortening is a C-N 
lengthening, with observed lengths of 1.38 in 3 Ǻ and 1.46 Ǻ in 3+.  The metal-to-ring 
distance is quite similar in 3 and 3+, with respective values of 1.771 Ǻ and 1.779 Ǻ 
obtained.  The small changes observed in both 3/3+ and 9/9+ are surprising given that 
ferrocene/ferrocenium systems are known to undergo significant Fe-ring elongations 
upon oxidation.  For example, FeCp2+ and FeCp*2+ have reported Fe-ring distance 
increases of 0.044 Ǻ and 0.05 Ǻ over their neutral counterparts.12c,d 
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6.3.  Spectroscopy 
 
6.3.1.  ESR   
 
     ESR spectra were obtained for all three radical cations in frozen CH2Cl2 solution at 77 
K (Figure 109).  In fluid solution, the radicals were all ESR-silent.  The group of spectra 
exhibit axial or nearly axial behavior, showing hyperfine splittings (A) consistent with 
coupling to one 55Mn nucleus (I = 5/2, 100 % abundant).  The most obvious indication of 
departure from axial behavior comes from examination of the perpendicular region of the 
spectrum of 3+, in which there is some complexity in high field features of the expected 
A⊥ hextet.  Symmetry lowering owing to the presence of a substituent at just one carbon 
in the Cp ring is probably responsible for this complexity.  However, the deviation is 
small enough to allow interpretation of this spectrum as axial, along with those of 8+ and 
3+.  The g- and A-values obtained from the spectra in Figure 109 are provided in Table 11.                 
     Hyperfine splittings were used to estimate the % Mn character of SOMOs, using the 
expressions below13 where Aiso is the isotropic hyperfine splitting and bo is the uniaxial 
hyperfine parameter.14 
      
                                                A׀׀ =  Aiso +  2 bo                                                    (24) 
                                                A⊥ =  Aiso  -  bo                                                       (25) 
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Figure 109.  ESR spectra of A) 8+, B) 3+, and C) 9+ at 77 K.  Samples were prepared by 
exhaustive electrolysis of the respective neutral species in CH2Cl2/0.05 M [NBu4][TFAB] 
at 253 K.  
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R R’ g ׀׀  g⊥ A׀׀a (G) A⊥ b (G) % Mn (d) 
H H 2.213 2.079 79.2 50 49 
Me Me 2.118 2.044 76.5 47 47 
H NH2 2.120 2.011 65.1 30 36 
a
 known with certainty 
b
 preliminary value based on best estimate from outer branches of six-line pattern 
 
Table 11.  Summary of ESR results for [Mn(C5R4R’)(CO)3]+ 
 
It is necessary to know the relative signs of A׀׀ and A⊥ in the calculation of bo, and these 
can be obtained through an experimental approach or assumed using chemical intuition.  
The experimental approach entails a measurement of Aiso, requiring examination of fluid 
spectra, not possible for these radicals.  If the signs of A׀׀ and A⊥ are the same, a value of 
bo = 9.7 G is calculated, whereas if they are opposite, a value of bo = 43.1 G is calculated.  
The theoretical value for the uniaxial parameter is 88 G when the unpaired electron is 
located in a Mn d-orbital,15 which yields a % Mn character of 11 % for the former bo 
value and 49 % for the latter.  The HOMO of 8 almost certainly contains significantly 
more than 11 % metal character,16-20 meaning that the signs of  A׀׀ and A⊥ are very likely 
different for the three radicals studied.  Using this assumption, results for % Mn d-orbital 
character are calculated as 49 % in 8+, 36 % in 3+, and 47 % in 9+. 
     Several Mn piano-stool carbonyl-substituted complexes have been studied by ESR 
spectroscopy, with the most comprehensive coverages pertaining to MnCp(CO)L2]+,  
L = PMe3 or PPh3, [MnCp(CO)L’]+, L’ = bisphosphino ligand, and the monosubstituted 
complex [MnCp(CO)2(PPh3)]+.21  All of these radicals gave rhombic spectra, and 
calculations showed that SOMOs were about 65 % Mn character.  The d-orbital was 
assigned as being a hybrid of dx2-y2, dxz, and dz2 orbitals created by spin-orbit coupling.21  
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Several radical monosubstituted carbonyl complexes have also been investigated, 
including MnCp*(CO)2L, (L = SR),22  MnCp(CO)2(RNH2),23 Mn(C5H5-nMen)(CO)2L,24 
where L is an unsaturated nitrogen ligand, MnCp(CO)2(4-cyanopyridine),29 and 
MnCp(CO)2L’, L’ = [RC6H4NH]-.25  In each of these cases, studies indicated the existence 
of an essentially organic radical that is stabilized by bonding to the MnCp(CO)2 moiety.  
The neutral radical CrCp(CO)3 is isoelectronic with 8+, and its properties have been 
thoroughly investigated.10,26-28  Spectra obtained on a dilute single crystal of CrCp(CO)3 
in MnCp(CO)3 gave a SOMO with approximately 40 % Cr 3d character.27,28 
     The g-values of 8+, 3+, and 9+ are all above 2.0, a finding consistent with an A-type 
electronic state.  The fact that extremely low temperatures are not required to observe 
spectra, unlike ferrocenium-type ions,29 implies a comparative lack of symmetry, lifting 
the degeneracy of the frontier orbitals and resulting in slower relaxation.  In A-type states, 
the lowest g-value is usually near 2.0, 30-32 as is the case for the Mn radicals studied here.  
Energy separation of frontier orbitals was also investigated by near-IR spectroscopy, and 
is discussed below.   
     The individual lines in the spectra of Figure 109 do not exhibit any inconsistent line-
width variations, which is in contrast to spectra reported for [MnCp(CO)(dmpe)]+ (dmpe 
= bis(dimethylphosphino)ethane) and analogous chromium half-sandwich radicals.33  
This is a good indication that the g- and A-tensors of 8+, 3+, and 9+ are not significantly 
misaligned, and supports the use of the axial model used in the calculation of % Mn 
character.  A caveat is necessary, however, as the relative ordering of frontier orbitals is 
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susceptible to environmental effects,33 and detailed studies on diluted single crystals 
would likely be instructive.  
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6.3.2.  Visible and Near-IR Spectroscopy  
 
     The three cation radicals 8+, 3+, and 9+ all exhibit a strong absorption in the visible 
region as well as a weaker absorption in the near-IR.  Figure 110 shows a spectrum of 9+ 
that includes both of these absorptions.  Values of λmax and ε for all three radicals are 
provided in Table 12.  In going from 8+ to 9+ to 3+, λmax values of visible bands, attributed 
to ligand-to-metal charge transfer, shift from 530 to 680 to 811 nm.  The lower-energy 
near-IR transitions are less typical, although absorptions of this type have previously 
been reported for the piano-stool radicals Cr(η5-C5Ph5)(CO)3 and [MnCp(CO)2(PPh3)]+.34  
These signals are attributed to metal-metal transitions resulting from lack of degeneracy 
of frontier orbitals, as discussed above and shown in Scheme 21.     The dramatically 
higher absorption energy observed for 3+ compared to 8+ or 9+ is attributed to the lower 
symmetry of this complex, which bears the highly asymmetric C5H4NH2 ligand.    
     Results of this work (data for 8+, 3+, and 9+) combined with that of Karen Nash on 
phosphine-containing Mn piano-stool complexes revealed a good correlation between 
near-IR absorption energy and E1/2 potential, as shown in Figure 111.  Specifically, as 
oxidation potential decreases, absorption energy increases, implying that the splitting 
between a’ and a” orbitals21 increases with increasing phosphine donor strength.  There is 
a single outlier in the plot, relating to the data point for 3+.  The source of this disparity is 
unclear, but presumably arises from a splitting of high-lying orbitals that is beyond a 
simple substituent effect.  
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     A comparison can be made between ESR g-values and orbital splitting energies 
derived from near-IR spectra using a simple metal-localized model for octahedral d5 
systems,35 shown in Eq 26 below.10  In this relationship λSO is the spin-orbit coupling 
constant of the metal, ge is the free-spin value of an electron, and ∆ is the near-IR 
absorption energy.        
 
gz - ge = 2 λSO / ∆    (26)  
1000 1200 1400 1600 1800 2000 2200
Wavelength (nm)
λmax = 1890 nm  
0.0
0.5
1.0
1.5
300 500 700 900 1100 1300 1500 1700 1900 2100
Wavelength (nm)
A
bs
λmax = 680 nm  
 
Figure 110.  UV-Vis/near-IR spectrum of 3.3 mM 9+ in CDCl3 at 298 K.  Sample 
prepared by chemical oxidation of 9 with [(ReCp(CO)3)2][TFAB]2 in CDCl3.   
 
 8+ 3+ 9+ 
λmax (cm-1) (Є, cm M)-1 18,850 (1010) 12,320 (1066) 14,700 (225)  
λmax (cm-1) (Є, cm M)-1 4840 (64) 6490 (97) 5280 (56) 
 
Table 12.  Near-IR results for 1+, 2+, and 3+ as [TFAB] salts. 
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Figure 111.  Relationship between energy of carbonyl absorption or oxidation potential 
and energy of near-IR transition for selected Mn piano-stool complexes.   
 
With λSO = 300 cm-1 for Mn(II),35 and using the highest g-value as gz,10 a value of  
∆ = 5,170 cm-1 is calculated for 9+, very close to the experimental value of 5,280 cm-1.  
Such excellent agreement between theory and experiment is not observed for neither 8+ 
or 3+, however, as calculated values are 2840 cm-1 and 5085 cm-1, respectively, while 
experimental values are 4840 cm-1 and 6490 cm-1.  This is not surprising, as the basic 
model used here does not take into account ligand contributions to the frontier orbitals.  
Qualitatively, at least, absorption energies predicted based on g-values are in accordance 
with those observed by experiment. 
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6.3.3.  Paramagnetic NMR  
 
     It was expected that NMR signals would be observable for the cations investigated 
here due to the lack of ESR signals in fluid medium.36,37  This is, in fact, true, with both 
8+ and 9+ displaying a single, broad 1H NMR signal at high frequency (Figure 112 for 9+).  
For 8+, the peak position was at δ = 22.4 ppm vs. TMS38 and the width at half-height was 
230 Hz.  Relevant results for all three cations are provided in Table 13.  The chemical 
shift of 9+ was monitored according to the ratio neutral 9 present, and a linear fit was 
obtained, shown in Figure 113.  This indicates that there is fast electron exchange 
between the two species.     
     If contact shifts are responsible for resonance positions, it is surprising that the shifts 
of both 8+ and 9+ are positive.  The spin on H should be dominated by McConnell-type 
C-H spin polarization,39 giving an opposite sign compared to methyl hydrogens, whose 
spin should be dominated by hyperconjugation.40  It is possible that pseudo-contact 
interactions, or dipolar effects, are responsible for the observed resonances, but an 
intensive investigation would be required to support this claim.  A similar question arose 
with ferrocenium derivatives,41 in which Cp derivatization42 was used to ascertain the 
dominant shift mechanism.            
     The spectrum of 3+ contained two very broad peaks at δ = 26.4 ppm and -23.9 ppm vs. 
TMS, with respective line widths at half height of 1010 Hz and 1970 Hz.  A 1:1 
integration was obtained for the two signals, making assignments uncertain, but the signal 
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at -23.9 ppm is tentatively assigned to the amine hydrogens based on the reported shift of 
the aminoferrocenium analogue [Fe(C5H4NH2)2]+.43  
 
 
-1001020304050
δ (ppm)
δ = 44.7 ppm
 
Figure 112.  1H NMR spectrum of 9+ in CD2Cl2. 
 
 
 8+ 3+ 9+ 
1H NMR chemical shift (ppm 
vs. TMS) 
22.4* -23.9, 26.4 44.7 
1H NMR paramagnetic shift 
(ppm) (line width, Hz)** 
17.7 (234)* -27.0 (1970)***, 
22.0 (1010) 
42.8 (294) 
* Prepared by controlled potential coulometry, > 95 % yield as determined by coulomb count and LSV.  
    Presence of neutral species would result in false low values (see text) 
** Width taken at ½ height  
*** Value calculated on the assumption that this peak is due to amine protons 
 
Table 13.  1H NMR results for 8+, 3+, and 9+ as [TFAB] salts. 
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Figure 113.  Plot of 1H NMR paramagnetic shift vs. mole fraction of 9+ in CD2Cl2. 
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6.4.  Experimental 
 
Electrochemical considerations.  All electrochemistry except IR 
spectroelectrochemistry was conducted in a Vacuum Atmospheres drybox as described 
earlier.  Spectroelectrochemical experiments were performed using Schlenk conditions 
under an atmosphere of argon after adding solvent and electrolyte to the electrochemical 
cell in the drybox.  Working electrodes were GCEs from Bioanalytical Systems (BAS), 
pre-treated using a standard sequence of polishing with diamond paste (Buehler) of 
decreasing sizes (3 µm to 0.25 µm) interspersed by washings with nanopure water, and 
finally vacuum drying.  For controlled potential coulometry, a platinum mesh basket was 
used as the working electrode.  The reference electrode in all cases was a Ag/AgCl wire 
separated from solution by a fine frit, but all potentials have been recorded versus the 
FeCp20/+ redox couple obtained by using FeCp2 as an internal standard.44  Data used in 
cyclic voltammetry (CV) simulations were collected using positive-feedback iR 
compensation to minimize resistance, and were background-subtracted using CV scans 
collected with only solvent and electrolyte present.  Digital simulations were performed 
using Digisim 3.0 (BAS). 
Materials.  MnCp(CO)3 was supplied by Strem and used as received. MnCp*(CO)3 45 
and [(ReCp(CO)3)2][TFAB]2 9 were prepared as described in the literature, and  
Mn(η5-C5H4NH2)(CO)3 was prepared as described in Chapter 2.  CDCl3 and CD2Cl2 were 
purchased from Cambridge Isotope Laboratories, Inc. and used as received for NMR 
experiments.  Solvents and electrolytes were prepared as described in previous chapters.  
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CDCl3 used for controlled potential electrolysis was dried over 4 Å molecular sieves for 5 
days and collected by vacuum transfer prior to use.  THF was dried over potassium and 
collected by vacuum transfer.  Compounds of the type MnCp(CO)(L2) (L = PPh3, Pcy3 
(cy = cyclohexyl), P(p-MeOPh)3, P(p-MePh)3, P(p-FPh)3, P(p-CF3Ph)3) were prepared by 
K. Nash using photolysis procedures.46   
Instrumentation.  ESR spectra were recorded using a Bruker ESP 300E spectrometer.  
Infrared data were acquired on an ATI-Mattson infinity series FT-IR interfaced to a 
computer employing Winfirst software at a resolution of 4 cm-1.  For 
spectroelectrochemistry, a mid-IR fiber-optic “dip” probe (Remspec, Inc.) was used in 
conjunction with the ATI-Mattson infinity series FT-IR at a resolution of 4 cm-1, as 
described in the literature.47  UV-Vis and near-IR spectroscopic data were collected on a 
Cary Olis-14 spectrometer using a quartz cuvette with a path length of 1 cm.   
Preparation of [3][TFAB] and [9][TFAB].  Analytically pure 3+ was prepared by 
dissolving 10 mg (4.57 x 10-5 mol) 2 in 1.0 mL CH2Cl2 and adding 50 mg (1.99 x 10-5 
mol, 0.87 eq oxidizing agent) solid [(ReCp(CO)3)2][TFAB]2.  The original yellow 
solution turned dark green immediately.  After 5 min, 4 mL hexanes was added dropwise 
over the next 5 min, resulting in the precipitation of green [3][TFAB].  The product was 
washed with a copious amount of hexanes, yielding 25 mg of product (70 % based on 
oxidant).  Alternatively, the isolation of [3][TFAB] was achieved by the above method 
using CDCl3 in place of CH2Cl2, a solvent in which [3][TFAB] is insoluble.  The product 
precipitated as the reaction proceeded, and after 10 min the solvent was decanted and the 
product washed with excess CDCl3.  X-ray quality crystals were prepared by dissolving 
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10 mg [3][TFAB] in 0.5 mL CH3NO2 and adding a small amount (< 0.5 mL) of CH2Cl2.  
The solution was stored at -20° for about a week, at which time crystals were collected 
and washed with cold CH2Cl2.      
     Analytically pure 9+ was prepared by dissolving 7.8 mg (2.85 x 10-5 mol) 9 in 1.0 mL 
CH2Cl2 (or CD2Cl2) and adding 28.5 mg (1.13 x 10-5 mol) of solid 
[(ReCp(CO)3)2][TFAB]2. This ratio provides about 0.8 equiv of the monomer cation 
[ReCp(CO)3]+ as the oxidizing agent. The original yellow solution turned dark green 
immediately.  After 5 min, 6 mL hexanes was added dropwise over the next 5 min, 
resulting in the precipitation of turquoise [9][TFAB].  The product was washed with 
excess hexanes to remove un-reacted 3 as well as the reaction product ReCp(CO)3, 
yielding 14 mg of product (65 % based on oxidant).  X-ray quality crystals were obtained 
by dissolving 10 mg [9][TFAB] in 0.5 mL CH2Cl2 and layering the solution with 0.5 mL 
hexanes.  The mixture was cooled to -20° for three days, at which time crystals were 
collected and washed with hexanes.         
1H NMR Spectroscopy.  The spectrum of 8+ was obtained by performing controlled 
potential electrolysis of 3.0 mM 8 in CDCl3/0.05 M [NBu4][TFAB], and preparing the 
NMR sample under nitrogen in the drybox.  The spectra of 3+ and 9+ were obtained by 
addition of the appropriate amount of the chemical oxidant [(ReCp(CO)3)2][TFAB]2 to a 
3.0 mM solution of 3 or 9 in CD2Cl2 in the drybox.  To obtain samples with both 3 and 9+ 
present in varying concentrations, the solid chemical oxidant was added to the NMR 
sample in sequential steps, with spectra collected between additions.  
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Chapter 7.  Anodic electrochemistry of M(η5-C5H4PMePh2)(CO)3 (M = Cr, Mo, W) 
 
7.1.  Author’s note 
 
     The work presented in this chapter is the result of collaboration with Prof. Michael 
Baird (Queen’s University).  John Brownie, a graduate student under Dr. Baird, prepared 
the previously unreported title compounds and provided them to our laboratory.  For a 
description of these syntheses, the reader is referred to the original literature report.1  A 
modest amount of data contained in a more recent publication bearing my name2 are not a 
direct contribution of mine, and consequently are not included here.  Instead, the primary 
focus of this chapter is the anodic electrochemistry of the title compounds, covered in 
some detail in the publication mentioned.2  In certain instances, results obtained by Baird 
and Brownie are included here because of their particular relevance to electrochemical 
results.    
 
M
C C
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O
O
PMePh2
M = Cr, Mo, W
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7.2.  Anodic electrochemistry of Cr(η5-C5H4PMePh2)(CO)3, 10  
 
     In CH2Cl2/[NBu4][TFAB] 10 exhibits a chemically reversible oxidation by CV at E1/2 
= -0.38 V, shown in Figure 114.  Bulk electrolysis confirmed the expectation of a 1 e- 
oxidation  process  as  given  in  Eq  27  below.   A  second  wave  was  also  observed at  
 
       Cr(η5-C5H4PMePh2)(CO)3            [Cr(η5-C5H4PMePh2)(CO)3]+   + e-       (27) 
 
 
Epa = ca. 0.95 V, this one broad and chemically irreversible.  Products of this second 
oxidation were not studied in detail.  The C5H4PMePh2 ligand was the subject of a 
separate experiment, and exhibits an irreversible oxidation at Epa = ca. 0.1 V.  Under   
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Figure 114.  1.0 mM 10 in CH2Cl2/0.05 M [NBu4][TFAB] at 298 K.  1 mm GCE,  
0.1 V s-1. 
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typical conditions such as those given in Figure 114, no evidence of dimerization was 
observed.  Even at low temperature and high analyte concentration, considered favorable    
conditions for dimerization reactions, no product waves were evident (Figure 115).  
Simulations of CV scans of 10, Figure 116, gave a value of β = 0.57 (where β = 1 - α) and 
a value of ks = 0.04 cm s-1.  The diffusion coefficient was calculated as Do = 5 x 10-6 cm2 
s-1 using chronoamperometry.  Table 14 lists values used in CV simulations of 
compounds 10 and 11. 
 
M Do(mono) 
(cm2 s-1) 
Do(dim) 
(cm2 s-1) 
β 
(mono) 
α 
(dim) 
ks(mono) 
(cm s-1) 
ks(dim) 
(cm s-1) 
Kdim 
(M-1) 
kdim 
(M-1 s-1) 
Cr 5 x 10-6 NA 0.57 NA 0.04 NA NA NA 
Mo 7 x 10-6 1.7 x 10-5 0.50 0.35 0.1 0.0025 106 106 
      
Table 14.  Relevant simulation parameters used in the analyses of  
[M(η5-C5H4PMePh2)(CO)3] (M = Cr, Mo). 
 
     Bulk electrolysis of 10 at Eapp = 0.3 V gave 10+ in approximately 95 % yield.  The 
coulometry was consistent with a one electron oxidation, as 0.90 F and 0.95 F were 
obtained in two separate electrolyses.  The color of the solution remained yellow 
throughout the oxidation, and no electroactive side products were observed.  Back 
reduction at Eapp = -0.6 V regenerated 10 to more than 90 % of its original concentration.  
A spectroelectrochemical experiment revealed the presence of three carbonyl bands for 
the 17 e- species, at 2035, 1955, and 1910 cm-1 (Figure 117, Table 15).  These values are 
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comparable to νCO values obtained for the product of oxidation of 10 by [FeCp2][TFAB].  
An average shift of +124 cm-1 for νCO is calculated in going from 10 to 10+, in agreement 
with expectations for a 1 e- oxidation.3  All electrochemical data indicate that the 1 e- 
oxidation of 10 is a quasi-Nernstian, chemically reversible process involving a largely 
metal-based orbital.  The HOMO of 10 had in fact been shown to be a metal-based 
orbital.1 
 
 
-3.0-2.5-2.0-1.5-1.0-0.50.0
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Figure 115.  CV of 3.6 mM 10 in CH2Cl2/0.05 M [NBu4][TFAB] at 238 K.  1 mm GCE, 
8 V s-1.  A vertex delay of 10 s was used in this scan. 
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Figure 116.  Experimental (circles) and simulated CVs for 0.6 mM 10 in CH2Cl2/0.1 M 
[NBu4][TFAB]. Top, ν = 0.3 V s-1; bottom, ν = 2 V s-1.   
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Figure 117.  In situ IR spectroelectrochemistry of 3.0 mM 10 in CH2Cl2/0.05 M 
[NBu4][TFAB] at 298 K recorded during bulk electrolysis at Eapp = 0.3 V.  Arrows 
indicate increase or decrease in intensity of infrared absorptions as oxidation proceeds. 
 
M THF (cm-1) a CH2Cl2 (cm-1) Fluorolube (cm-1)* 
Cr 2037, 1955, 1914 b 2035, 1955, 1910 b,c 2036 (vw), 1970, 1949, 
1932, 1897 (w sh) 
Mo 2025 (w), 1976, 1939, 
1922 (sh) 
2029, 1981, 1943 c 2037 (vw), 1975, 1939, 
1932 
W 2023 (w), 1973, 1933, 
1922 (sh) 
1970, 1931, 1921 (sh) 1972, 1925 
a  As determined by M.C. Baird and J. Brownie, Queen’s University 
b  Presumably monomeric cation 
c  Electrolysis solution 
 
Table 15.  Solution and solid-state (fluorolube mulls) IR data (νCO) of  
[M(η5-C5H4PMePh2)(CO)3]2[TFAB]2 (M = Cr, Mo, W) and  
[Cr(η5-C5H4PMePh2)(CO)3]+. 
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     Surprisingly, isolation of the oxidation product of 10 with [FeCp2][TFAB] gives the 
dimeric species [102][TFAB]2 as determined by crystal structure analysis,2 and not a 
monomeric species as the electrochemical data implies.  Apparently, the metal-metal 
bonded dimer dissociates very readily in solution, so that even under the most favorable 
conditions electrochemical measurements cannot detect its formation.  Two additional 
observations lend evidence to this conclusion: the green dimer turns yellow when 
dissolved in THF, the same color as that observed during the course of oxidation of 10 in 
CH2Cl2, and the Cr-Cr distance in the dimer has been calculated as 3.351 Å,2 the longest 
and therefore presumably weakest unsupported Cr-Cr bond reported to date.  Furthermore, 
IR data in THF does not compare well with solid-state IR data for [102][TFAB]2, whereas 
it does match what was observed in the spectroelectrochemical experiment (Table 15). 
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7.4.  Anodic electrochemistry of M(η5-C5H4PMePh2)(CO)3 (M = Mo, 11, W, 12) 
 
     CV scans of 11 between -1.1 and 0.1 V in CH2Cl2/0.05 M [NBu4][TFAB] display two 
features, both chemically irreversible (Figure 118).  Scans to more positive potentials 
reveal an additional feature, an irreversible anodic wave at Epa = 1.40 V.  The anodic 
wave at Epa = -0.19 V is attributed to the 1 e- oxidation of 11 to 11+, and the cathodic 
feature at Epc = -0.78 V is attributed to the 2 e- reduction of [112]2+.  Several possible 
mechanisms could account for these observations, but the most likely is an anodic EC 
mechanism involving fast dimerization of 11+ (eqs 28 and 29) and a cathodic EEC 
mechanism resulting in the original neutral complex (eqs 30 and 31).       
 
Mo(η5-C5H4PMePh2)(CO)3        [Mo(η5-C5H4PMePh2)(CO)3]+  +  e-             (E)   (28) 
2[Mo(η5-C5H4PMePh2)(CO)3]+         [Mo(η5-C5H4PMePh2)(CO)3]22+            (C)   (29) 
[Mo(η5-C5H4PMePh2)(CO)3]22+  +  2 e-       [Mo(η5-C5H4PMePh2)(CO)3]2  (EE)   (30) 
[Mo(η5-C5H4PMePh2)(CO)3]2        2Mo(η5-C5H4PMePh2)(CO)3                    (C)   (31) 
 
     Although it is not possible here to differentiate between an EEC or ECE cathodic 
mechanism, simulations were performed using the EEC process.  There is ample 
precedence in the literature for these types of mechanisms in describing metal-metal 
bonded organometallic dimers.4  Simulations employing a dimerization equilibrium 
constant of Kdim = 106 M-1 and a dimerization rate constant of kdim = 106 M-1 s-1 gave the 
best  fits  to  experimental CVs.   As  is  common with 2 e-  reductions of   organometallic 
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Figure 118.  Experimental (circles) and simulated CVs for 0.7 mM 11 in CH2Cl2/0.1 M 
[NBu4][TFAB]. Top, ν = 0.5 V s-1; bottom, ν = 2.0 V s-1.   
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dimers, the charge transfer coefficient is much less than 0.5, with a value of α = 0.35 
applied here.  The value of ks = 0.0025 cm s-1 was used for dimer reduction, but this 
number should be taken only as representative of a family of rate constants, α values, and 
E1/2 values that would be consistent with the cathodic process. 
     Bulk electrolysis of 11 at Eapp = 0.15 V resulted in essentially quantitative formation 
of [112]2+ as evidenced by an irreversible cathodic wave at Epc = ca. -0.8 V.  The pale 
yellow solution turned orange-pink as reaction proceeded, a color similar to that of the 
dimer prepared and isolated by Baird.2  Back reduction of this solution at Eapp = -1.3 V 
regenerated 11 in greater than 95 % yield.  The coulomb count for the oxidation was 
consistently lower than that expected for a 1 e- process, being 0.7 to 0.8 F in three 
separate electrolyses.  Other than starting with an impure sample, no reasonable 
explanation is offered for this. 
     Infrared spectroelectrochemistry was used to monitor the metal-carbonyl absorptions 
of reactant and product.  Figure 119 shows these results, in which the peaks due to 11 at 
1915 and 1810 cm-1 decrease in intensity as the oxidation proceeds, while at least three 
new bands appear at 2029, 1981, and 1943 cm-1.  The energy values of the product are 
indicative of terminal carbonyl ligands, not bridging ligands.  These values match closely 
those obtained for the isolated dimer in both fluorolube and THF, as shown in Table 15.  
The fact that there is an isosbestic point at 1920 cm-1 in Figure 119 demonstrates that the 
new absorption bands arise from a single product, the dimer dication [112]2+. 
      
 
  
 
 
 
260 
-0.01
0.04
0.09
0.14
0.19
0.24
17001750180018501900195020002050210021502200
Wavenumbers (cm-1)
A
bs
18101915
1943
2029
Electrons passed
1981
0
0.20
0.42
0.62
0.82
1
 
 
 
-1.2-1.0-0.8-0.6-0.4-0.20.00.2
Volts vs. FeCp20/+
4 uA
ic
ia
 
Figure 119.  Spectroelectrochemical data for 3.0 mM 11 in CH2Cl2/0.05 M 
[NBu4][TFAB] at 298 K recorded during bulk electrolysis at Eapp = 0.15 V.  Arrows 
indicate progression of electrolysis. 
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     CVs of 12 in CH2Cl2/0.05 M [NBu4][TFAB] were very similar to those of the 
molybdenum analogue, with only slight shifts in potential observed.  At a scan rate of 0.1 
V s-1, the chemically irreversible oxidation peak appeared at Epa = -0.20 V and the 
irreversible cathodic product peak at Epc = -0.81 V.  More detailed work on this system 
was not pursued, owing to the apparent mechanistic similarity to 11.  Baird and Brownie 
prepared [122][TFAB]2 by chemical oxidation of 12 with [FeCp2][TFAB] and obtained a 
crystal structure for the dimer.2 
     In summary, the group 6 metal complexes studied here are all oxidized via 1 e- 
processes, resulting in primarily monomeric [Cr(η5-C5H4PMePh2)(CO)3][TFAB] or 
dimeric [M(η5-C5H4PMePh2)(CO)3]2[TFAB]2 (M = Mo, W) in solution.  As a solid, the 
former species forms the dimer [Cr(η5-C5H4PMePh2)(CO)3]2[TFAB]2  found to contain 
the longest unsupported Cr-Cr bond ever reported.  The redox behavior of the neutral 
compounds 10, 11, and 12 is qualitatively similar to that of the analogues [M(η5-
C5H5)(CO)3]- and [M(η5-C5Me5)(CO)3]-, although the [PMePh2]+ substituent imparts a 
strong electron-withdrawing effect that significantly increases oxidation potentials. 
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7.5.  Experimental 
 
     [FeCp2][TFAB] was prepared according to literature methods.5  Solvents and 
electrodes were prepared as described in Section 3.3, and all electrochemical experiments 
except spectroelectrochemistry (Section 6.4) were performed in a Vacuum Atmospheres 
drybox.  The supporting electrolyte in all experiments was [NBu4][TFAB], prepared as 
described in Chapter 3.  Compounds 10-12 were prepared by John Brownie at Queen’s 
University.1  IR spectra were acquired on a Perkin-Elmer Spectrum One FT-IR 
spectrometer at a spectral resolution of 4 cm-1 (Queen’s) or on a ATI-Mattson Infinity 
Series FT-IR spectrometer using Winfirst software and operating at a resolution of 4 cm-1 
(Vermont).  Digital simulation of CVs was performed on background subtracted, 
resistance-compensated experimental data using Digisim (BAS).  
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Chapter 8.  Ancillary Work 
 
8.1.  Author’s note      
 
     Several studies have been conducted over the past several years which are too brief to 
warrant individual chapters, but are sufficiently unrelated to subject matters of the 
preceding chapters to have been excluded.  Each of these studies, except for that 
involving compound 4 (Section 8.2), is the result of collaborative efforts involving 
research laboratories at other universities.  Procedures and results that are not particularly 
relevant to the work personally conducted by the present author have not been included 
here.  Readers are therefore urged to explore literature references supplied herein, in 
conjunction with this document, to acquire a complete understanding of the subject 
material.        
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8.2.  Anodic electrochemistry of Re(η5-C5H4NH2)(CO)3, 4 
 
     Compound 4 was prepared as a precursor for diazonium salt formation in the hopes of 
attaching ReCp(CO)3 to electrode surfaces.  The synthesis of 4, as well as the 
unsuccessful diazotization attempt, is discussed in Chapter 2.  Following the discoveries 
that ReCp(CO)3 and ReCp*(CO)3 undergo dimer formation upon oxidation in CH2Cl2 (D. 
Chong and A. Nafady, respectively),1 it was decided to investigate the electrochemical 
behavior of 4.   
     In CH2Cl2/[NBu4][TFAB] at 298 K, CVs of 4 show only one oxidation, at Epa = 0.81 
V at 0.1 V s-1 (Figure 120).  As with ReCp(CO)3 and ReCp*(CO)3, dimerization occurs 
following the one-electron oxidation of 4 (Eqs 32,33), with the reduction of the dimer 
dication, 422+,  observed  at  Epc = -0.01 V (Eq 34).   Although there appears to be just one  
 
                 Re(η5-C5H4NH2)(CO)3          [Re(η5-C5H4NH2)(CO)3]+   +   e-     (E)  (32) 
           2[Re(η5-C5H4NH2)(CO)3]+          [Re(η5-C5H4NH2)(CO)3]22+             (C) (33) 
[Re(η5-C5H4NH2)(CO)3]22+   +   2e-          2Re(η5-C5H4NH2)(CO)3          (EEC)  (34) 
 
electroactive product, the wave is broad and it is possible that more than one species is 
formed.  At or below 278 K, the cathodic feature is absent, as the dimer dication is 
insoluble at these temperatures.  Peak potential and peak width for the reductive process 
are temperature and scan rate dependent, as expected for a redox process involving slow 
electron transfer followed by a chemical reaction.  Digital simulations at 298 K, shown in 
Figure 120, are consistent with a kdim of about 1.2 x 105 M-1 s-1 and a Kdim of 107 M-1, 
  
 
 
 
266 
which would predict that several percent of a nominally 1 mM solution of 42+ would exist 
as the monomer 4+ at this temperature. 
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Figure 120.  Simulated (circles) and experimental CVs for 0.5 mM 4 in CH2Cl2/0.1 M 
[NBu4][TFAB].  1 mm GCE, ν = 0.5 V s-1.  Relevant simulation parameters:  ks = 0.07 
cm s-1, α = 0.05, Kdim = 107 M-1, kdim = 1.2 x 105 M-1 s-1.    
 
     Bulk electrolysis of 1.1 mM 4 at Eapp = 1.0 V in CH2Cl2/0.06 M [NBu4][TFAB] at  
298 K passed approximately 1.0 F and resulted in a bright yellow solution having as the 
dominant feature the cathodic wave of the dimeric dication at Epc = -0.12 V at 0.1 V s-1.  
At least three additional minor products are observed as irreversible reductions at  
Epc = -0.43, -1.10, and -1.26 V.  Infrared spectroscopy of this solution showed at least 
four absorptions in the metal carbonyl range: two high intensity absorptions were 
observed at 2076, 2010 cm-1, and two absorptions of significantly lower intensity were 
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observed at 2093, 2039 cm-1.  These have all been attributed to the dimer dication, 42+.  
Bulk cathodic electrolysis of the oxidized solution at Eapp = -1.7 V yielded the starting 
material 4 in 85-90 % yield, as determined by coulometry and LSV.  This result alone 
implies that 42+ is somewhat more stable in solution than its non-aminated analogue, 
which is obtained in only 70-80 % yield following bulk oxidation and re-reduction.1         
     At 243 K, bulk anodic electrolysis of 9.6 mM 4 at Eapp = 1.0 V in CH2Cl2/0.06 M 
[NBu4][TFAB] passed precisely 1.0 F and resulted in first a yellow and then an orange 
solution.  The dimeric product [42][TFAB]2 is quite insoluble in CH2Cl2 at this 
temperature, but did not precipitate as the oxidation proceeded.  Instead, upon completion 
of anodic electrolysis, application of a cathodic potential lasting several seconds was used 
to initiate precipitation.  This unusual result was encountered by happenstance and 
indicates that the dimer dication forms a supersaturated solution in CH2Cl2, requiring an 
initiation process for precipitation.  Collection and washing of the solid with cold CH2Cl2 
gave 50-60 % yield of yellow [42][TFAB]2.  X-ray quality crystals of [42][TFAB]2 were 
grown from a solution of the dimer dication in CH3NO2 with CH2Cl2 added until 
cloudiness was observed.  Kept at 253 K, crystals were obtained in 24 hr.  Anal. Calcd: C, 
37.33; H, 0.59; N, 1.36.  Found: C, 36.80; H, 0.84; N, 1.40. IR (C2H4Cl2): νCO 2071, 2007 
(with asymmetry on high-frequency side) cm-1.  IR (KBr): νCO 2083 vs, 2022 sh, 2012 vs 
cm-1.  1H NMR (CD3NO2): δ (ppm vs TMS) 6.54 (broad s, 4H), 6.22 (t, 4H), 5.47 (t, 4H). 
     The crystal structure of [42][TFAB]2 is shown in Figure 121 with relevant bond 
lengths and angles listed in Table 16.  Additional information is included in the appendix.  
The  structure confirms  the expected  transoid orientation  of the C5 rings  and provides a  
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C(2)C(5)
C(3)
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O(3) Re(2)
N
Re(1)
 
Figure 121.  Diagram of the molecular structure of [42][TFAB]2 with 50 % probability 
ellipsoids.  Hydrogens and counteranions omitted for clarity.  
 
 
Bond lengths (Å) 
Re(1)-Re(2)       3.1098(2) Re(1)-C(6)            1.953(3) C(1)-C(5)       1.439(4) 
Re(1)-C(1)           2.553(3) Re(1)-C(7)            1.965(3) C(2)-C(3)       1.431(4) 
Re(1)-C(2)           2.312(3) Re(1)-C(8)            1.952(3)  C(3)-C(4)       1.434(4) 
Re(1)-C(3)           2.226(3) C(6)-O(1)              1.132(4) C(4)-C(5)             1.423(4) 
Re(1)-C(4)           2.243(3) C(7)-O(2)              1.134(4) Re-to-center C4      1.942 
Re(1)-C(5)           2.323(3) C(8)-O(3)              1.145(4)  
C(1)-N                     1.328 C(1)-C(2)              1.445(4)  
Bond angles (degrees) 
Re-C(1)-N                                 136.37 C(6)-Re(1)-C(7)                     80.37(12) 
Re(1)-C(6)-O(1)                       178.3(3) C(7)-Re(1)-C(8)                    108.47(12) 
Re(1)-C(7)-O(2)                       172.5(3) C(8)-Re(1)-C(6)                     82.33(12) 
Re(1)-C(8)-O(3)                       173.9(3) N out of C4 plane                        3.91 
 
Table 16. Selected bond lengths (Å) and angles (degrees) for [42][TFAB]2. 
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Re-Re bond length of 3.1097(2) Å.  Like [Mn(C5H4NH2)(CO)3]+ (3+, Chapter 6), but 
more pronounced, there is out-of plane bending of the nitrogen-bound carbon, C(1) here.  
C(1) is elevated 0.22 Å above the plane made by the remaining four carbons, resulting in 
a Re-C(1) bond that is longer than bonds to the other ring carbons by about 0.3 Å.  C(1) 
is bent away from the plane made by the other four carbons by almost 15o (angle 
calculated using C(1), midpoint of C(2) and C(3), and the shortest distance between C(1) 
and the C4 plane).  Although not shown in Figure 121, there is a water molecule in the 
crystal that is apparently hydrogen bonded to the amine group at a N-O distance of  
2.87 Å.  This may be partly responsible for the observed bending.  The five C-C bond 
lengths within each ring are very similar, an average of 1.434 Å.  Somewhat surprising is 
the perfectly parallel alignment of the two C4 planes, with a calculated dihedral angle of 
0.00o.  Additional discussion regarding this structure is made difficult by the absence of a 
reported structure for neutral 4.      
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8.3.  Anodic electrochemistry of [OsCp(CO)2]2 (13) and [OsCp*(CO)2]2 (14) 
 
     Unlike [FeCp2(CO)2]2 2 and [RuCp2(CO)2]2,3 the osmium analogues 13 and 14 have 
received very little attention in the literature.  Recently, however, Bullock et al. have 
expressed an increased interest in these species following the development of improved 
synthetic procedures.4  Noteworthy is that all carbonyl ligands are of the terminal type in 
13, whereas 14 contains bridging ligands.  Electrochemical studies of these species are 
reported here along with spectral characterization of oxidation products. 
     In CH2Cl2 with [NBu4][TFAB] as the supporting electrolyte, CVs of 13 exhibit a 
chemically reversible oxidation at 0.41 V and a chemically irreversible oxidation at  
Epa = 1.15 V at 0.1 V s-1 (Figure 122).  The apparent decrease in reversibility of the 
13/13+ couple seen in Figure 122 after scanning through the second wave arises from the 
chemical decomposition of the product of the second oxidation.  This decomposition 
reaction was not studied in any detail.  The EEC mechanism presented in Eqs 35-37 
accounts for the anodic behavior of 13.    
 
     [OsCp(CO)2]2          [OsCp(CO)2]2+   +   e-                      (E) (35) 
 [OsCp(CO)2]2+          [OsCp(CO)2]22+   +   e-    (E) (36) 
  [OsCp(CO)2]22+          decomposition product                (C)   (37) 
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Figure 122.  CVs of 1.0 mM 13 in CH2Cl2/0.05 M [NBu4][TFAB].  2 mm GCE.  Top: 
0.1 V s-1, bottom: 2 V s-1.   
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     CV scans to negative potentials in THF and [NBu4][TFAB] reveal an irreversible 
reduction at Epa = -2.91 V at 0.1 V s-1, as seen in Figure 123.  The current of the wave is 
approximately double that of the 130/+ wave, and therefore is attributed to a 2 e- reduction 
that is followed by a chemical step.  As a result of scanning through this wave, a new 
anodic wave appears at Epa = -1.19 V at 0.1 V s-1.   
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Figure 123.  CV of 1.0 mM 13 in CH2Cl2/0.05 M [NBu4][TFAB].  2 mm GCE, 0.1 V s-1.   
 
     Bulk anodic electrolysis of 13 at 0.7 V in CH2Cl2 and [NBu4][TFAB] at 243 K passed 
exactly 1.0 F and changed the formerly yellow solution to purple.  CV and LSV scans 
indicated that 13+ was generated in only 25 % yield with at least two major side products, 
irreversibly reduced at Epc = -1.05 V and -1.64 V at 0.1 V s-1 (Figure 124).  CV scans 
taken several minutes after electrolysis completion had significantly less current 
attributed to the 13+/0 wave, indicating a moderately fast decomposition reaction.  IR 
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spectroscopy of the electrolysis solution revealed signals attributed to at least two 
different species containing terminal metal-carbonyl functionalities.  Figure 125 shows 
the IR spectrum of the electrolysis solution and the spectrum of neutral 13, and Figure 
126 shows IR spectra of the electrolysis solution before and after being exposed to air for 
1.5 hr.  The signals that decrease in intensity over time are thought to be due to 13+, as 
electrochemical data indicate that this radical is relatively unstable even in an inert 
atmosphere.  Using this approach, it is possible to tentatively assign the peaks at 2075, 
2015, and 1994 cm-1 to 13+.  In going from 13 to 13+ this results in an average shift of ca. 
+70 cm-1 (depending on peak assignment), a shift slightly smaller than expected.  Owing 
to the apparent instability of this radical cation, no further studies were pursued. 
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Figure 124.   CV following bulk oxidation at Eapp = 0.7 V of 2.7 mM 13 in CH2Cl2/0.05 
M [NBu4][TFAB] at 243 K.  2 mm GCE, 0.1 V s-1. 
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Figure 125.  IR spectrum of solution of 2.7 mM 13 in CH2Cl2/[NBu4][TFAB] before 
(dotted line) and after (solid line) electrolysis at 0.7 V.  
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Figure 126.  IR spectrum of electrolysis solution of 2.7 mM 13 in CH2Cl2/[NBu4][TFAB] 
before (solid line) and after (dotted line) being exposed to air for 1.5 hr.   
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     CVs of 14 in CH2Cl2 and [NBu4][TFAB] are similar to those described for 13, but 
with shifts in anodic potentials.  A representative CV is given in Figure 127, which 
exhibits a reversible oxidation at E1/2 = -0.11 V and an irreversible oxidation at  
Epa = 0.61 V.  An analogous EEC mechanism to that given in Eqs 35-37 is thought to be 
responsible for the observed behavior. 
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Figure 127. CVs of 1.0 mM 14 in CH2Cl2/0.05 M [NBu4][TFAB]. 2 mm GCE, 0.1 V s-1. 
 
     Bulk anodic electrolysis of 14 in CH2Cl2 and [NBu4][TFAB] at 298 K and  
Eapp = 0.15 V passed 0.90 to 0.95 F and gave a color change from yellow to dark green.  
LSV and CV scans indicated formation of 14+ in greater than 90 % yield, with no 
evidence of electroactive side products.  IR spectroscopy on the oxidized solution showed 
two peaks at 1969 and 1820 cm-1 due to the terminal and bridging carbonyl ligands, 
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respectively (Figure 128).  The neutral compound exhibits two peaks at 1909 and 1709 
cm-1, which gives an average shift of approximately +86 cm-1 in going from 14 to 14+.  
Back reduction of 14+ at Eapp = -0.3 V gave the neutral starting material in essentially 
quantitative yield. 
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Figure 128.  IR spectrum of solution of 3.0 mM 14 in CH2Cl2/[NBu4][TFAB] before 
(dotted line) and after (solid line) electrolysis at 0.15 V.  
 
     ESR spectroscopy of 14+ formed by bulk anodic electrolysis in CH2Cl2/[NBu4][TFAB] 
gave a spectrum with three distinct features as a frozen solution, shown in Figure 129D.  
The g-values were computed as 1.879, 2.199, and 2.406, with the average of the three 
being 2.161.  The features became less resolved upon warming, and as a fluid solution 
only one broad line was observed, at giso = 2.162, Figures 129A and 129B.    
  
 
 
 
277 
1500 2000 2500 3000 3500 4000 4500 5000
[G]
A
 
1500 2000 2500 3000 3500 4000 4500 5000
[G]
B
 
1500 2000 2500 3000 3500 4000 4500 5000
[G]
C
 
  
 
 
 
278 
2500 2700 2900 3100 3300 3500 3700 3900
[G]
D
 
Figure 129.  ESR spectra of 14+ at A) 298 K, B) 233 K, C) 153 K, and D) 77 K.  Sample 
was prepared by exhaustive electrolysis of 14 in CH2Cl2/0.05 M [NBu4][TFAB] at 298 K.  
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8.4.  Weakly coordinating cation electrolytes 
 
     As discussed regularly throughout this document, the use of WCAs such as Barf24 and 
TFAB as electrolyte anions has been invaluable in many facets of electrochemistry.  A 
logical next step then, might be the incorporation of weakly coordinating cations (WCCs) 
into electrolyte systems.  [NBu4]+ is currently regarded as a WCC, but really only 
because of the current lack of even more weakly coordinating cations.  The advent of 
bulkier, charge-delocalized cations may result in improved stabilities of electron-rich 
species, improved conductivities in low-polarity solvents, and the ability to tune ∆E1/2 
values of anionic species. 
     Preliminary work on the use of polyamine cations as electrolyte components in 
organic solvents was conducted here.  The polyamine systems were prepared and 
supplied by Gary Weisman (University of New Hampshire), who has published a number 
of papers that describe the syntheses of such molecules. 5  Compounds shown below were 
used as precursors to cationic species, which are prepared by protonation of the neutral 
systems.   The  resulting  acids  are  thought  to  bear  a delocalized positive charge due to  
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the hydrogen being distributed among all four nitrogens.  TFAB salts of these species are 
easily prepared by oxidation and metathesis reactions (see experimental section).  Only 
compounds [15-H][TFAB] and [16-H][TFAB] were used in electrochemical studies, 
although the remaining amine cation, [17-H]+, could potentially exhibit quite different 
properties due to the nitrogen cross-linking.  Results of experiments discussed here 
employed the analytes 4-nitrotoluene (4-NT), 4-dinitrobenzene (4-DNB), and  
Ni(1,2-B9C2H11)2 (18).  In CH2Cl2 and [NBu4][TFAB], 1.0 mM of [16-H][TFAB] is 
irreversibly oxidized at ca. 1.1 V and irreversibly reduced at ca. -2.3 V, providing a 
reasonably wide potential window for electrochemical studies.  Although not specifically 
determined, the other two tetraamine electrolytes should have similar redox potentials.  
Surprisingly, the addition of [15-H][TFAB] or [16-H][TFAB] to a solution of [NBu4][PF6] 
in CH2Cl2 results in a large amount of precipitate.  If the source of the product is a 
metathesis reaction, the solid must be the PF6 salt of [15-H] or [16-H], as [NBu4][TFAB] 
is highly soluble in CH2Cl2.      
     In CH2Cl2 and [NBu4][TFAB], CVs of 4-NT exhibit a single, chemically reversible 
oxidation at E1/2 = -1.74 V.  When 0.5 eq (relative to 4-NT) of [15-H] [TFAB] is added to 
the solution, the current of the cathodic wave is increased and that of the anodic wave is 
decreased, as shown in Figure 130.  Higher concentrations of [15-H] [TFAB] intensify 
this effect.  Faster scan rates, such as that used in Figure 131, result in the appearance of 
two irreversible product peaks at Epa = -0.7 V and -0.05 V at 1 V s-1.  Lacking other 
reasonable  conclusions,  it  is  speculated  that  the  nature  of the chemical reaction is the  
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Figure 130.  CVs of 1.0 mM 4-NT in CH2Cl2/0.05 M [NBu4][TFAB] with added  
[15-H] [TFAB].  1 mm GCE, ν = 0.1 V s-1. 
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Figure 131.  CV of 0.5 mM 4-NT in CH2Cl2/0.05 M [NBu4][TFAB] with 0.5 mM  
[15-H] [TFAB].  1 mm GCE, ν = 1 V s-1. 
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protonation of the nitrotoluene radical anion by [15-H]+.  Such electrochemically induced 
protonation reactions have been well studied6 and may stop after 2, 4, or 6 e- reduction 
depending  on  acid  strength  and  concentration (Eqs 38-41).  This protonation  sequence   
 
             Ar-NO2   +   e-          [Ar-NO2]-     (38) 
     [Ar-NO2]-   +   2H+   +    e-          Ar-NO   +   H2O   (39) 
         Ar-NO   +   2H+   +   2e-          Ar-NHOH    (40) 
    Ar-NHOH   +   2H+   +   2e-          Ar-NH2   +   H2O   (41) 
 
may explain why anodic current continues to grow with addition of [15-H]+.  Bulk 
oxidation at Eapp = -2.0 V of 4-NT in CH2Cl2 and [NBu4][TFAB] with 1.0 eq  
[15-H][TFAB] gave at least two irreversibly oxidized products at approximately the same 
potentials as observed in previous CV experiments.  It was decided not to direct 
additional effort towards the identification of electroactive products.        
     The two successive 1 e- reductions of 4-DNB were examined in the presence of both 
[15-H][TFAB] and [16-H][TFAB], the CVs of which are shown in Figures 132 and 133, 
respectively.  In both cases, there is evidence of a multielectron process occurring at the 
potential of the first 4-DNB reduction, and with limited chemical reversibility.  There are 
two  product  peaks  at  Epa = -0.85 V  and  -0.05 V at 0.2 V s-1 in Figure 132,  close to the  
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Figure 132.  CVs of 1.3 mM 4-DNB in CH2Cl2/0.05 M [NBu4][TFAB] with no (dotted 
line) and 1.6 mM (solid line) 15[TFAB].  1 mm GCE, ν = 0.2 V s-1. 
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Figure 133.  CV of 1.4 mM 4-DNB in CH2Cl2/0.05 M [NBu4][TFAB] with 2 mM 
16[TFAB].  1 mm GCE, ν = 0.1 V s-1. 
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values observed above for 4-NT.  In Figure 133, what may be a prewave is observed at 
Epc = 1.05 V and at least one broad product wave at Epa = -0.85 V at 0.1 V s-1.       
     CV experiments were conducted using 4-DNB and the electrolyte [NHPr3][PF6] (Pr = 
propyl), [NHPr3]+ being related to the protonated tetraamines studied in that it is an 
ammonium cation.  These experiments were carried out in an attempt to reinforce the 
conclusion that protonation of nitro radicals occurs in the presence of electrolyte cations 
[15-H]+ and [16-H]+.  In CH2Cl2 solution containing 50 mM [NBu4][PF6] and 0.5 mM 
[NHPr3][PF6] with 0.4 mM 4-DNB, CVs exhibited a prewave at Epc = -1.0 V and two 
product waves at Epa = -0.9 V and Epa = ca. -0.4 V at 0.1 V s-1 (Figure 134).  At higher 
concentrations of [NHPr3]+ CVs are dominated by two features: an irreversible reduction 
at Epc = -1.1 V and the previously observed irreversible reduction at Epa = ca. -0.4 V.  
With a  3 mM [NHPr3]+  concentration, several smaller waves  appear  at  potentials  well  
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Figure 134.  CVs of 0.4 mM 4-DNB in CH2Cl2/0.05 M [NBu4][TFAB] with 0.5 mM 
[NHPr3][PF6].  2 mm GCE, ν = 0.1 V s-1. 
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positive of those for 4-DNB itself.  Although not definitive, results for 4-DNB and 4-NT 
with [15-H]+ and [16-H]+ are sufficiently similar to results obtained using [NHPr3]+ to 
lend support  to the above conclusion that the nitro-radical anions are protonated in the 
reduction process.  This was a surprising finding, as it was not anticipated that the acidity 
of the tetraamine cations would be sufficient to initiate such reactions. 
     In THF and [NBu4][TFAB], the reductive electrochemistry of 4-DNB with added [15-
H]+ or [16-H]+ was similar, but not the same as seen in CH2Cl2.  By CV, addition of 
tetraamine cations resulted in the appearance of a prewave and significantly reduced 
reversibility for both reduction waves at ν = 0.1 V s-1.  However, no product waves were 
observed.  The protonation reaction is apparently slower in this solvent, as even with 5 eq 
of [16-H]+ it was possible to partly outrun the follow up reaction and obtain good 
reversibility for both redox waves.  It was attempted to reproduce the observed 
protonation reactions of reduced 4-DNB by addition water to an electrochemical solution 
of THF and [NBu4][TFAB].  Even with 10 eq of water, there was no observable 
protonation.  The only effect was a significant decrease in ∆E1/2 for the two reductions as 
a result of stronger solvation.  The cations [15-H]+ and [16-H]+ are thus shown to be much 
more highly acidic than water.   
     In addition to the above work, a study was begun with the intention of assessing 
relative ion pairing strength of the tetraamine cations.  The analyte Ni(1,2-B9C2H11)2 (18) 
was chosen as a model system as it typically exhibits two reversible 1 e- reductions and is 
not amenable to protonation in its neutral or reduced states.  Comparisons of ∆E1/2 values 
  
 
 
 
286 
in CH2Cl2 were made between [15-H]+ and alkylammonium electrolyte cations of 
varying ion pairing ability. 
     CVs of 18 in CH2Cl2 and 0.05 M [15-H][TFAB] display two chemically reversible 
reductions of approximately equal intensity at E1/2 = -0.25 V and -1.10 V, as shown in 
Figure 135.  With all other electrolytes tested, redox behavior was similar except for 
slight shifts in the potential of the second reduction.  The results presented in Table 17 
show only small changes in ∆E1/2 with the electrolytes tested, but do provide the trend 
that larger traditional electrolyte cations (traditional applying to all except [15-H]+) 
generate larger ∆E1/2 values.  This is likely due to the stronger ion pairing ability of the 
smaller cations.  Surprisingly, the value obtained for [15-H][TFAB], 850 mV, is closer to 
the values obtained for the smallest cations studied, [NEt4]+ and [NMe4]+, than to the 
larger cation [NBu4]+.  This indicates that [15-H]+ ion pairs more strongly with 172- than 
does [NBu4]+, an unexpected finding.  Similar studies must be conducted on other model 
systems if the ion-pairing ability of [15-H]+ is to be generalized. 
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Figure 135. CV of 1.5 mM 18 in CH2Cl2/0.05 M [15-H][TFAB]. 1 mm GCE,  
ν = 0.1 V s-1. 
 
Electrolyte ∆E1/2 (mV) 
[15-H][TFAB] 850 
[NBu4][PF6] 880 
[NBu4][TFAB] 890 
[NEt4][TFAB] 850 
[NMe4][TFAB] 840* 
*Electrolyte not soluble to 0.05 M, resulting in significant ohmic effects.  
Table 17.  Comparison of ∆E1/2 values for the reductions of 18 in solutions of CH2Cl2 
containing various electrolytes at 0.05 M. 
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8.5.  Anodic electrochemistry of biruthenocene, 19 
 
     Using samples provided by Masanobu Watanabe at Saitama University, the 
electrochemistry of biruthenocene (19, Ru2Cp2Fv, where Fv = C10H8) and the BF4- salt of 
the dication, [Ru2Cp2Fv][BF4]2, 20, were studied for the purpose of elucidating the 
oxidation mechanism of 19.  Descriptions of the syntheses of 19 and 192+ can be found in 
the literature.7  The anodic electrochemistry of 19 is significantly affected by the 
electrolyte anion used, as discussed below. 
 
                 
Ru
Ru
                                       
Ru
Ru
2+
 
                               19               20 
 
       In CH2Cl2/[NBu4][TFAB], CVs of 19 exhibit two oxidative processes with markedly 
different wave shapes, as seen in Figure 136.  The first appears to be quasi-Nernstian and 
chemically reversible on CV time scales, with a potential of E1/2 = 0.28 V.  The second 
process has a broader anodic wave indicative of either slow electron transfer or a 
chemical follow up reaction.  The peak potential shows a slight scan rate dependence, 
with  Epa =  0.45 V  at  0.2 V s-1  and  0.48 V  at  2.0 V s-1.  The potential for the reductive  
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Figure 136.  CVs of 0.5 mM 19 in CH2Cl2/[NBu4][TFAB].  1.6 mm GCE, ν = 0.2 V s-1.  
 
portion of this feature is independent of scan rate, with Epc = 0.38 V.  CV scans that 
include the second anodic process exhibit at least one product wave, an irreversible 
reduction at Epc = 0.05 V at 0.2 V s-1.  There is a second minor product wave at a more 
negative potential, but this is only apparent at ν < 0.5 V s-1.  The peak potential of the 
second oxidation was studied as a function of scan rate, the results shown in Figure 137.  
For the entire range of scan rates studied, 0.1 to 4.0 V s-1, the average shift is 29 mV per 
ten-fold increase in scan rate.  For an ErevC mechanism, a shift of 30 mV per ten-fold 
increase in ν is expected for a one-electron process,8 leading to the conclusion that if an 
EC mechanism is responsible for this wave, the electron transfer rate is fast.  Results to 
this point indicate a mechanism such as that shown in Eqs 42-46 below.  
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Figure 137.  Epa shift vs. log(ν) for second oxidation of 0.5 mM 19 in 
CH2Cl2/[NBu4][TFAB].  1.6 mm GCE.   
 
 RuCp2Fv          [RuCp2Fv] +   +   e-    (42) 
 [RuCp2Fv] +          [RuCp2Fv] 2+   +   e-    (43) 
 [RuCp2Fv]2+          Prod2+     (44) 
 Prod2+   +   e-          Prod+     (45) 
 Prod+   +   e-          Prod      (46) 
 
     Addition of [NBu4][PF6] to a CH2Cl2/[NBu4][TFAB] solution gives CVs with smaller 
separation of E1/2 values for the two anodic processes.  At PF6 concentrations higher than 
5 mM a single, 2 e- process is observed, as seen in Figure 138.  Similar behavior is seen 
in CH2Cl2/[NBu4][ClO4], also shown in Figure 138.       
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Figure 138.  CVs of 1.8 mM 19 in CH2Cl2/[NBu4][TFAB] with 5 mM/[NBu4][PF6] 
(solid line) and 1.1 mM 19 in CH2Cl2/[NBu4][ClO4] (dashed line).  1 mm GCE,  
ν = 0.1 V s-1, current normalized for visualization purposes. 
 
     In CH2Cl2/[NEt4][Barf24], CVs of 19 again exhibit two oxidations with different wave 
shapes, as seen in Figure 139.  The first oxidation is quasi-nernstian and chemically 
reversible on CV time scales, with a potential of E1/2 = 0.28 V.  The second oxidation is 
slow and only partially chemically reversible, exhibiting an anodic peak potential ranging 
from 0.60 to 0.75 V over the scan rate range of 0.1 to 2.0 V s-1 with some additional 
dependence on analyte concentration (see Figure 140).  The reverse wave for the second 
process is observed at a potential of Epc = ca. 0.49 V, a value that is essentially 
independent of scan rate.  As a consequence of this oxidation, an irreversible reduction 
appears at Epc = ca. 0.0 V at 0.1 V s-1.  The potential of this wave is dependent on scan 
rate and the concentration of 19. 
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Figure 139.  CVs of 0.3 mM 19 in CH2Cl2/[NEt4][Barf24].  1.6 mm GCE, ν = 0.1 V s-1.  
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Figure 140.  CVs of 19 in CH2Cl2/[NEt4][Barf24] at concentrations of 0.15 mM (solid 
line) and 0.80 mM (dashed line).  1.6 mm GCE, ν = 0.1 V s-1, current normalized for 
visualization purposes. 
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     Double potential step chronoamperometry (DPSCA) was used to test for chemical 
reversibility of the oxidation products of 1.0 mM 19 in CH2Cl2/0.05 M [NEt4][Barf24].  
The first oxidation was studied using a potential step from -0.6 V to 0.47 V and back to  
-0.6 V over a range of step times from 1 s to 5 s.  To encompass both oxidations, the 
potential was stepped from -0.6 V to 1.0 V and back to -0.6 V.  For a chemically 
reversible system, the ratio of the current at the end of the reverse step to that at the end 
of the forward step is expected to be 0.29.9  As shown in Figure 141 for a step time of 1 s, 
there is good agreement between the behavior of 19 and what is expected from theory, 
indicating that the oxidation products are stable over a CV time scale under the given 
conditions.   
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Figure 141.  Results of double potential step chronoamperometry of 0.5 mM 18 in 
CH2Cl2/[NEt4][Barf24] compared to theory9 and FeCp2 in CH2Cl2/[NBu4][TFAB].  3 mm 
GCE, step time = 1 s. 
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     In order to rule out electrode passivation as the cause of broad CV wave shapes, 
double potential step chronocoulometry (DPSCC) was conducted under the same 
conditions as above for DPSCA.  The potential was stepped from -0.6 V to 1.0 V and 
back to -0.6 V.  An Anson plot10 displaying the results for a 1 s step time is shown in 
Figure 142.  The ratio of the slopes is 0.99, indicating that neither 19 nor the products of 
its oxidation adsorb onto the working electrode under the given conditions.  However, 
over several CV scans there is evidence of passivation, as observed in Figure 143.  The 
effect is simply not large enough to be detected by DPSCC. 
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Figure 142.  Anson plot for 0.5 mM 19 in CH2Cl2/[NEt4][Barf24].  3 mm GCE,  
step time = 1 s.   
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Figure 143.  1st (solid line) and 15th (dotted line) CVs of 0.5 mM 19 in 
CH2Cl2/[NEt4][Barf24].  1.6 mm GCE, ν = 0.1 V s-1.  
     To gain more information as to the cause of the broadness of the wave at 0.60 V in 
Figure 139, the potential shift was evaluated in CH2Cl2/[NBu4][Barf24] as a function of 
scan rate.  The shift of 66 mV per ten-fold increase in ν (Figure 144) is significantly 
larger than the 29 mV in [NBu4][Barf24], an indication that there is a slow electron 
transfer associated with the proposed EC process.  The structures and properties of Barf24 
and TFAB are quite similar, so this result is surprising.  Also unusual, but not explored, is 
the observation of significant wave broadening in CVs employing platinum as the 
working electrode material.   
     Bulk anodic electrolysis of 19 at Eapp = 0.40 V in CH2Cl2/[NBu4][Barf24] at 298 K 
changed the original pale yellow solution orange and released 1.7 F.  As only a 1 e- 
oxidation  is  expected,  it  is  proposed  that the potential applied was sufficient to slowly  
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Figure 144.  Epa shift vs. log(ν) for second oxidation of 0.5 mM 19 in 
CH2Cl2/[NEt4][Barf24].  1.6 mm GCE.  
 
oxidize [Ru2Cp2Fv]+.  It is also possible that the oxidation product slowly decomposes to 
starting material.  Additionally, a disproportionation reaction must be considered, shown 
in Eq 47, followed by the chemical reaction of Eq 44, which would be a driving force for 
disproportionation.  
 
  2[Ru2Cp2Fv]+          [Ru2Cp2Fv]2+   +   Ru2Cp2Fv   (47) 
 
CVs of the oxidized solution (Figure 145) show that some neutral 18 is still present, as 
evidenced by the two previously observed oxidations.  The only product wave is an 
irreversible reduction at Epc = -0.04 V at 0.1 V s-1, a potential very close to that for the 
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product observed previously.  There is an apparent decrease in the reversibility of the 
190/+ wave after electrolysis, but this is attributed to the regeneration of 19 via product 
reduction (discussed below) at the electrode surface.  The result is an increase in signal 
for the anodic portion of the wave relative to the cathodic portion.  Bulk reduction of the 
solution gave 19 in essentially quantitative yield, and the original color of the solution 
was restored.    
Bulk electrolysis of 19 at Eapp = 0.72 V in the same medium at 298 K changed the 
color of the solution orange once again and passed 2.0 F.  CVs of the resulting solution 
showed two irreversible reductions, the first at Epc = -0.15 V and the second, this one 
smaller, at Epc = -0.45 V (Figure 146).  Anodic waves in the potential region expected for 
the oxidations of 19 only appear as a result of reduction of the major product.  Bulk 
reduction  of  the  solution  at  Eapp  =  -0.70 V  yields  19  in essentially quantitative yield  
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Figure 145.  CV scans before (solid line) and after (dotted line) bulk oxidation of 0.5 
mM 19 in CH2Cl2/[NEt4][Barf24] at Eapp = 0.40 V at 298 K.  1.6 mm GCE, ν = 0.1 V s-1.  
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Figure 146.  CV scans before (solid line) and after (dotted line) bulk oxidation of 0.5 
mM 19 in CH2Cl2/[NEt4][Barf24] at Eapp = 0.72 V at 298 K.  1.6 mm GCE, ν = 0.1 V s-1. 
 
without any side products.  This result strongly implies that the product of the EEC 
reaction, Prod2+ (Eq 42-44), is similar in structure to [Ru2Cp2Fv]2+.  It is unlikely that the  
dimer bond is broken, as this would likely yield [RuCp2]+ and no wave at Epc = -0.15 V.  
     As a small amount of solid [Ru2Cp2Fv][BF4]2 was supplied by Watanabe et al., 
preliminary experiments were conducted using this compound.  The salt is only sparingly 
soluble in CH2Cl2, but at least four redox processes are observed in CH2Cl2/ 
[NBu4][TFAB], shown in Figure 147.  Potentials of the first two processes are 
approximately the same as that observed in CVs of 19.  The two irreversible reductions 
have potentials of Epc = -0.07 V and -0.36 V, close to the product potentials in Figure 139.  
It is proposed here that a small amount of neutral 19 was present in the sample used, 
probably resulting from decomposition of the dication.  This would account for the peaks 
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at Epc = 0.52 V and E1/2 = 0.28 V in Figure 147.  LSV scans support this statement in two 
ways:  There is a small anodic current at positive potentials, and there is evidence of a 
stripping peak at Epc = 0.52 V.  [Ru2Cp2Fv][BF4]2 may not be soluble at all in CH2Cl2, 
and the observed peaks may simply be a result of the oxidation of neutral compound.  
(Note: Sample color was questionable, as the isolated salt is reported as being yellow or 
orange, and the compound received was brown).   
     Digital simulations of CVs of 19 seem to indicate that the mechanism proposed above 
is correct, even though a single set of simulation parameters did not match all 
experimental data.  The equations given below show the mechanism used in the 
simulations in Figure 148.  Parameters used in these simulations are supplied in Table 18.  
Experimental  CVs  in  CH2Cl2/[NEt4][Barf24]  agree  with  simulated  CVs  at lower scan 
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Figure 147.  CV of [Ru2Cp2Fv][BF4]2 in CH2Cl2/[NBu4][TFAB].  1 mm GCE,  
ν = 0.1 V s-1.  
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  19          19+   +   e-   E°, ks, α  (48) 
  19+          192+   +   e-   E°, ks, α  (49) 
  192+          Prod2+    Keq, kf   (50) 
  Prod2+   +   2 e-        Prod  E°, ks, α  (51) 
 
 E° (V) ks (cm s-1) α Do  
(x 10-5 cm2 s-1) 
Keq  kf  
(s-1) 
Eq 48 0.58 0.1 0.5 1   
Eq 49 0.80 0.008 0.7 1   
Eq 50  0.0005  1 106 0.2 
Eq 51 0.64 0.0005 0.2 1   
 
Table 18.  Simulation parameters used in simulated CVs of Figure 147. 
rates such as that at 0.2 V s-1 in Figure 148, but not at scan rates greater than 0.5 V s-1.  
Particular attention was not paid to the broad 2 e- reduction, as unique fits for such 
processes are uncommon.  At higher scan rates, it appears as though the simulated rate of 
the chemical reaction, kf = 0.2 s-1, is not sufficiently high.  If kf is increased to  
4 s-1, a reasonable fit may be obtained for ν = 7 V s-1, as shown in Figure 149.  The value 
of Keq used does not noticeably affect CV shape unless very small values are used.  It 
should be noted that decent agreements can be obtained using Keq = ca. 10.  It is likely 
that the use of proper diffusion coefficients is an important factor in generating a high-
quality parameter set, although no suitable set of values was encountered.   
     It is possible that comproportionation or disproportion takes place when [Ru2Cp2Fv]+ 
and [Ru2Cp2Fv]2+ are present, but simulations indicate that the effect on of such reactions 
on CV shape is very minimal compared to the differences between simulation and 
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experiment in Figure 148.  Also explored was the possibility of the dicationic product, 
Prod2+ in Eq 51, undergoing 2 successive 1 e- oxidations, the first one being faster and 
possibly obscured by the first anodic wave of 19.  In CH2Cl2 and [NBu4][TFAB], digital 
simulations of CVs gave similar results as those for [NEt4][Barf24], with no set of 
parameters suitable over a range of scan rates.   
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Figure 148.  Simulated (solid line) and experimental (dashed line) CVs for 19 at scan 
rates of 0.2 V s-1 (top), 1 V s-1 (middle), and 7 V s-1 (bottom).  Experimental conditions:  
0.34 mM 19 in CH2Cl2/0.1 M [NEt4][Barf24], 1.6 mm GCE. 
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Figure 149.  Simulated (solid line) and experimental (dashed line) CVs for 19 at  
ν = 7 V s-1.  Experimental conditions:  0.34 mM 19 in CH2Cl2/0.1 M [Net4][Barf24],  
1.6 mm GCE. 
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8.6.  Experimental 
 
     Materials and solvents were prepared in the same manner as discussed in previous 
chapters.  The crystal structure of [42][TFAB]2 was determined by Arnold Rheingold 
using techniques described in sections 2.4 and 6.4.  Tetraamine salts were prepared from 
their neutral precursors (supplied by Gary Weisman) in the following manner.  100 mg 
neutral tetraamine (15 used here) was added to 3 mL MeOH with one drop of 12 M HCl  
to facilitate precipitation.  After the solid dissolved, 0.19 g (1.2 eq) K[TFAB] dissolved in 
1 mL MeOH was added slowly, with precipitate observed immediately.  After 0.5 hr, the 
product was filtered using sintered glass and washed with 2 x 2 mL nanopure water.  
Yield was 204 mg (84 %).  The sample was dried at 80° for 24 hr before use.       
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Chapter 9.  Significance of findings 
 
     The results and conclusions contained in this document are a contribution to the 
fundamental knowledge of organometallic redox chemistry but may also be of immediate 
import for selected applications.  A brief overview of the most pertinent findings and how 
they may be incorporated into related topics is provided here.  Although the work 
presented in preceding chapters was divided into two parts, results from the two are 
occasionally integrated when sufficiently related. 
     It is well known that reactive species such as organometallic radicals play important 
roles in many areas of chemistry.  Subsequently, knowledge regarding their properties is 
often extremely valuable.  Frequently, highly sought reactive species have not been 
directly probed due to their limited lifetimes, although it is arguable that countless such 
“transitory” species may, in fact, be isolable given very specific sets of conditions.  The 
studies involving diazonium chemistry and the isolation of Mn piano-stool radical cations 
are especially relevant to this discussion, as compounds in both categories are persistent 
only when handled appropriately.  For instance, [CoCp(η5-C5H4N2)][PF6]2, compound 5, 
is stable for weeks as a solid, even when left exposed to air.  However, upon dissolution 
in a high donor solvent such as acetonitrile, chemical decomposition is noticeable within 
minutes.  Dissolution in the equally polar, but less donating solvent nitromethane, has 
very little destabilizing effect.  Similar results are observed for [Mn(η5-
C5H4N2)(CO)3][PF6], 6.  Other diazonium species, such as the rhenium and ruthenium 
compounds discussed in Chapter 2, have been unobtainable thus far, as loss of nitrogen is 
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observed immediately upon diazotization of the corresponding amines.  The radical 
cations of the cymantrene family, 8+, 3+, and 9+, are also relatively unstable in most 
media, even though 3+ and 9+ have been isolated as solids.  This could not have been 
accomplished without the use of weakly coordinating anions (WCAs) and low donor 
solvents, which demonstrates the importance of chemical environment.         
     Surface immobilized species encounter very different chemical environments than 
analogous species dissolved in solution.  Evidence of this fact was presented in Chapters 
3 and 4, in which surface-bound cobaltocenium and cymantrene exhibited different 
voltammetric behavior than what was expected based on solution studies.  The compound 
cobaltocenium hexafluorophosphate, for instance, is reduced to cobaltocene in 
dichloromethane containing [NBu4][PF6], and as long as moisture and oxygen are absent, 
the reduced species is persistent for hours or longer.  On modified glassy carbon surfaces 
in the same medium, however, generation of neutral immobilized cobaltocene apparently 
results in a chemical decomposition reaction, with over 50 % of electroactive material 
being lost over a period of just 2 min.  Even more drastic is the difference in behavior 
between dissolved cymantrene and immobilized cymantrene in dichloromethane with 
TFAB as the supporting electrolyte anion.  As a solution species, the radical cation 8+ is 
stable on the CV time scale, as evidenced by completely reversible CVs.  When 
generated in bulk, 8+ is persistent for at least several minutes at room temperature in a 
nitrogen atmosphere.  However, the immobilized species Mn(C5H4-E)(CO)3+ is not 
nearly as stable, with significant chemical decomposition evident after just one CV scan 
at high scan rate.  Although at this point it cannot be determined what factors are the most 
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critical contributions to these differences, likely candidates are increased nucleophilic 
attack of immobile cations, reduced counterion mobility, and differences in electronic 
environment due to surface and multilayer bonding.  
     The anion dependence of the voltammetry of cobaltocenium films was somewhat 
unexpected, but is rationalized by ion-pairing effects and the limitations of counterion 
diffusion.  Ion-pairing effects account for potential shifts of reduction processes, while 
counterion diffusion accounts for the occurrence of two redox processes.  Unique to this 
research is the finding of these two distinct redox processes, both attributed to the 
reduction of similar cationic moieties that are located in significantly different chemical 
environments.  The use of different anions in electrochemical solutions can assist or 
obstruct redox activity of one of these sites, providing a means of anion detection with 
potentially high specificity.  Having control over the thickness of generated films may be 
an advantage here, as it can be used to affect the rate of counterion diffusion.  Results 
pertaining to separate redox sites in films may prove to be directly relevant to organic 
diazonium modifications, as these films often exhibit two redox events, the first being 
very minor and generally not discussed.   
     Some minor points regarding surface immobilization studies are worth mention.  If 
organometallic diazonium compounds are to be used in commercial or industrial 
applications such as corrosion protection or as precursors to electron transfer mediators in 
sensors, results here indicate that modification conditions can be varied and generally 
accessible to most chemists.  Various solvents can be employed (although decomposition 
reactions must be considered), low voltages are used in coatings (unless very large 
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surfaces are used), and, at least in the case of cobaltocenium, spontaneous (no applied 
voltage) coating occurs in low concentration solutions.  Furthermore, as shown both here 
and previously for various organic diazonium salts, various surfaces can be used in 
modification reactions, including platinum, gold, carbon, and indium tin oxide.  
Modification itself does not seem to be prone to complications involving trace oxygen or 
moisture, although voltammetry of formed films is.  Synthesis of additional 
organometallic diazonium salts may be accomplished using thorough, systematic studies, 
which could allow tailoring of modified surfaces for quite specific needs.   
     In assessing the properties of species to be used for electrochemical or chemical 
processes, some information regarding molecular structure is desirable.  Ideally, a 
comparison between reactant and product structures can be made, although often this is 
not feasible.  In work involving cymantrene and its analogues, solid structures of the 
neutral compounds 8, 3, and 9 were compared with those of the radical cations 3+ and 9+.  
Of course, only speculations are possible when extending structure changes observed in 
solids to changes in solutions.  Surprisingly, both 3+ and 9+ exhibit quite noticeable 
differences in structure relative to their neutral counterparts.  The permethylated species, 
9+, contains Mn-C(O) bonds that are over 0.1 Å longer than those in 9, and C-O bonds 
that are 0.06 Å shorter.  The methyl groups bonded to the C5 ring are not even close to 
planar, as they are in 9.  Finally, one of the C(O)-Mn-C(O) bonds deviates more than 10° 
from the octahedral value of 90°, a feature not evident in 9.  The amine 3+ does not show 
much structure change compared to 3, although the -CN functionality is almost planar in 
the cation, whereas it is significantly tilted away from the Mn center in 3.  Such structure 
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changes upon oxidation may provide some insight into the stabilities of radicals in 
solution and on surfaces, as significant structure changes might be more inhibited within 
immobilized species due to the larger reorganization energy required.  The effect could 
manifest itself as a shift in redox potential and a difference in product stability compared 
to what is observed solution.  Only slight differences are observed between the molecular 
structures of cobaltocenium-type salts and cobaltocene. 
     The nature of bonding interactions is a very important consideration when assessing 
the reactivity of species following the gain or loss of electrons.  Investigated in this work 
was the nature of bonding interactions in radical cation Mn piano-stool compounds by 
NMR, ESR, and near IR spectroscopies.  The data suggest that the SOMOs of the 17-
electron species are primarily located on the Mn(CO)3 moiety, and that the ground states 
of the radicals, most likely 2A”, lie close in energy to excited states.  The frontier orbitals 
are thought to be quite similar to those of ferrocenium, even though the lifetimes of 
cymantrenium cations are significantly shorter.  Due to the assortment of spectroscopic 
and electrochemical characterization methods available for detection of these species, it is 
expected that their use as redox and/or spectroscopic labels would be very rewarding.  A 
limitation at this point is the stability of produced radicals under non-ideal conditions, 
which may be circumvented by carbonyl-substitution with donating and stabilizing 
ligands such as phosphines and phosphites. 
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Appendix 
 
Crystal structure data, atomic coordinates, bond lengths and angles for 
[CoCp(η5-C5H4N2)][PF6]2, 5 
 
Table 1. Crystal data and structure refinement for 5. 
 
Empirical formula C11 H12 Co F12 N3 O2 P2 
Formula weight 567.11 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Triclinic 
Space group P-1 
Unit cell dimensions a = 7.8867(11) Å α= 76.257(2)° 
 b = 10.0100(14) Å β= 86.997(2)° 
 c = 11.9959(16) Å γ = 89.907(2)° 
Volume 918.6(2) Å3 
Z 2 
Density (calculated) 2.050 g/cm3 
Absorption coefficient 1.242 mm-1 
F(000) 560 
Crystal size 0.30 x 0.30 x 0.30 mm3 
Theta range for data collection 2.39 to 27.53° 
Index ranges -10<=h<=10, -12<=k<=12, -15<=l<=15 
Reflections collected 7828 
Independent reflections 4023 [R(int) = 0.0176] 
Completeness to theta = 27.53° 95.0 % 
Absorption correction None 
Max. and min. transmission 0.7069 and 0.7069 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4023 / 0 / 317 
Goodness-of-fit on F2 1.071 
Final R indices [I>2sigma(I)] R1 = 0.0320, wR2 = 0.0926 
  
 
 
 
313 
R indices (all data) R1 = 0.0337, wR2 = 0.0939 
Largest diff. peak and hole 1.014 and -0.590 e Å-3 
 
 
Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2x 103) for 5. 
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 
Co(1) 2539(1) 8248(1) 8017(1) 15(1) 
F(1) 1244(2) 3870(1) 5119(1) 36(1) 
F(2) 3500(2) 2475(2) 5094(1) 37(1) 
F(3) 2245(2) 3435(1) 3435(1) 32(1) 
F(4) 1971(2) 1165(1) 4221(1) 30(1) 
F(5) 959(2) 1599(1) 5903(1) 27(1) 
F(6) -286(2) 2570(2) 4235(1) 34(1) 
F(7) 5256(3) 3866(4) 8969(3) 60(2) 
F(7') 4421(15) 4615(8) 8383(6) 64(4) 
F(8) 1743(3) 2463(4) 8722(3) 48(1) 
F(8') 2380(30) 1883(14) 9370(12) 132(9) 
F(9) 4276(5) 1691(3) 9347(2) 57(1) 
F(9') 5046(13) 2576(16) 9366(7) 83(6) 
F(10) 2736(5) 4631(2) 8318(2) 49(1) 
F(10') 1764(14) 4020(20) 8360(9) 102(6) 
F(11) 4046(2) 2987(2) 7603(1) 42(1) 
F(12) 2904(2) 3397(2) 10090(1) 43(1) 
O(1) -3063(2) 2011(2) 6102(1) 30(1) 
O(2) -2212(2) 1121(2) 7794(1) 26(1) 
N(1) 3664(2) 6549(2) 6312(1) 19(1) 
N(2) 3502(3) 5707(2) 5888(2) 28(1) 
N(3) -2367(2) 2094(2) 6969(2) 21(1) 
C(1) 3959(2) 7648(2) 6801(2) 18(1) 
C(2) 3419(3) 9023(2) 6342(2) 21(1) 
C(3) 4106(3) 9798(2) 7060(2) 27(1) 
C(4) 5014(3) 8913(2) 7930(2) 26(1) 
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 x y z U(eq) 
C(5) 4943(2) 7555(2) 7787(2) 22(1) 
C(6) 397(3) 7074(2) 8496(2) 25(1) 
C(7) -31(3) 8480(2) 8100(2) 26(1) 
C(8) 761(3) 9232(2) 8805(2) 28(1) 
C(9) 1679(3) 8284(3) 9633(2) 27(1) 
C(10) 1460(3) 6950(2) 9438(2) 26(1) 
C(11) -1696(3) 3448(2) 7044(2) 31(1) 
P(2) 3463(1) 3180(1) 8848(1) 20(1) 
P(1) 1592(1) 2512(1) 4678(1) 20(1) 
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Table 3. Bond lengths [Å] and angles [°] for 5. 
 
Co(1)-C(1)  1.9964(19) 
Co(1)-C(10)  2.030(2) 
Co(1)-C(9)  2.028(2) 
Co(1)-C(6)  2.037(2) 
Co(1)-C(8)  2.032(2) 
Co(1)-C(7)  2.040(2) 
Co(1)-C(5)  2.045(2) 
Co(1)-C(4)  2.053(2) 
Co(1)-C(2)  2.058(2) 
Co(1)-C(3)  2.065(2) 
F(1)-P(1)  1.5895(14) 
F(2)-P(1)  1.6079(14) 
F(3)-P(1)  1.6148(14) 
F(4)-P(1)  1.5940(13) 
F(5)-P(1)  1.5911(14) 
F(6)-P(1)  1.5961(14) 
F(7)-F(7')  1.134(11) 
F(7)-F(9')  1.274(15) 
F(7)-P(2)  1.602(2) 
F(7')-F(10)  1.335(11) 
F(7')-P(2)  1.589(6) 
F(8)-F(8')  1.01(2) 
F(8)-F(10')  1.516(19) 
F(8)-P(2)  1.566(2) 
F(8')-F(9)  1.51(2) 
F(8')-P(2)  1.539(7) 
F(9)-F(9')  1.080(15) 
F(9)-P(2)  1.613(2) 
F(9')-P(2)  1.487(7) 
F(10)-F(10')  0.972(17) 
F(10)-P(2)  1.563(2) 
F(10')-P(2)  1.640(7) 
F(11)-P(2)  1.5949(15) 
F(12)-P(2)  1.5954(15) 
O(1)-N(3)  1.221(2) 
O(2)-N(3)  1.224(2) 
N(1)-N(2)  1.094(3) 
N(1)-C(1)  1.389(3) 
N(3)-C(11)  1.480(3) 
C(1)-C(2)  1.429(3) 
C(1)-C(5)  1.433(3) 
C(2)-C(3)  1.416(3) 
C(3)-C(4)  1.422(3) 
C(4)-C(5)  1.412(3) 
C(6)-C(7)  1.420(3) 
C(6)-C(10)  1.424(3) 
C(7)-C(8)  1.425(3) 
C(8)-C(9)  1.427(3) 
C(9)-C(10)  1.421(3) 
 
C(1)-Co(1)-C(10) 124.42(9) 
C(1)-Co(1)-C(9) 157.16(9) 
C(10)-Co(1)-C(9) 41.01(10) 
C(1)-Co(1)-C(6) 112.23(8) 
C(10)-Co(1)-C(6) 40.99(9) 
C(9)-Co(1)-C(6) 68.84(9) 
C(1)-Co(1)-C(8) 161.69(9) 
C(10)-Co(1)-C(8) 69.16(10) 
C(9)-Co(1)-C(8) 41.14(9) 
C(6)-Co(1)-C(8) 68.75(9) 
C(1)-Co(1)-C(7) 127.64(8) 
C(10)-Co(1)-C(7) 69.12(9) 
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C(9)-Co(1)-C(7) 69.11(9) 
C(6)-Co(1)-C(7) 40.78(9) 
C(8)-Co(1)-C(7) 40.97(9) 
C(1)-Co(1)-C(5) 41.50(8) 
C(10)-Co(1)-C(5) 106.81(9) 
C(9)-Co(1)-C(5) 118.27(9) 
C(6)-Co(1)-C(5) 126.61(9) 
C(8)-Co(1)-C(5) 153.03(9) 
C(7)-Co(1)-C(5) 164.53(9) 
C(1)-Co(1)-C(4) 67.52(8) 
C(10)-Co(1)-C(4) 122.34(9) 
C(9)-Co(1)-C(4) 103.84(9) 
C(6)-Co(1)-C(4) 161.16(10) 
C(8)-Co(1)-C(4) 117.86(9) 
C(7)-Co(1)-C(4) 154.60(10) 
C(5)-Co(1)-C(4) 40.30(9) 
C(1)-Co(1)-C(2) 41.23(8) 
C(10)-Co(1)-C(2) 160.67(9) 
C(9)-Co(1)-C(2) 157.48(9) 
C(6)-Co(1)-C(2) 124.56(9) 
C(8)-Co(1)-C(2) 122.11(9) 
C(7)-Co(1)-C(2) 108.12(9) 
C(5)-Co(1)-C(2) 70.51(8) 
C(4)-Co(1)-C(2) 68.64(8) 
C(1)-Co(1)-C(3) 67.27(9) 
C(10)-Co(1)-C(3) 157.99(9) 
C(9)-Co(1)-C(3) 120.69(9) 
C(6)-Co(1)-C(3) 158.26(9) 
C(8)-Co(1)-C(3) 104.72(10) 
C(7)-Co(1)-C(3) 120.89(10) 
C(5)-Co(1)-C(3) 68.58(9) 
C(4)-Co(1)-C(3) 40.41(9) 
C(2)-Co(1)-C(3) 40.17(8) 
F(7')-F(7)-F(9') 128.6(6) 
F(7')-F(7)-P(2) 68.6(4) 
F(9')-F(7)-P(2) 61.0(4) 
F(7)-F(7')-F(10) 130.2(5) 
F(7)-F(7')-P(2) 69.8(4) 
F(10)-F(7')-P(2) 63.9(3) 
F(8')-F(8)-F(10') 125.9(6) 
F(8')-F(8)-P(2) 69.5(6) 
F(10')-F(8)-P(2) 64.3(4) 
F(8)-F(8')-F(9) 124.8(7) 
F(8)-F(8')-P(2) 72.5(6) 
F(9)-F(8')-P(2) 64.0(5) 
F(9')-F(9)-F(8') 116.8(6) 
F(9')-F(9)-P(2) 63.5(4) 
F(8')-F(9)-P(2) 59.0(5) 
F(9)-F(9')-F(7) 145.0(7) 
F(9)-F(9')-P(2) 76.0(7) 
F(7)-F(9')-P(2) 70.4(4) 
F(10')-F(10)-F(7') 141.5(8) 
F(10')-F(10)-P(2) 76.8(7) 
F(7')-F(10)-P(2) 66.0(3) 
F(10)-F(10')-F(8) 127.1(7) 
F(10)-F(10')-P(2) 68.0(4) 
F(8)-F(10')-P(2) 59.3(5) 
N(2)-N(1)-C(1) 176.2(2) 
O(1)-N(3)-O(2) 123.72(19) 
O(1)-N(3)-C(11) 118.63(18) 
O(2)-N(3)-C(11) 117.65(18) 
N(1)-C(1)-C(2) 124.34(18) 
N(1)-C(1)-C(5) 123.81(18) 
C(2)-C(1)-C(5) 111.73(18) 
N(1)-C(1)-Co(1) 127.82(14) 
C(2)-C(1)-Co(1) 71.70(11) 
C(5)-C(1)-Co(1) 71.08(11) 
C(3)-C(2)-C(1) 104.57(18) 
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C(3)-C(2)-Co(1) 70.18(12) 
C(1)-C(2)-Co(1) 67.07(11) 
C(2)-C(3)-C(4) 109.51(19) 
C(2)-C(3)-Co(1) 69.65(11) 
C(4)-C(3)-Co(1) 69.34(12) 
C(5)-C(4)-C(3) 109.60(18) 
C(5)-C(4)-Co(1) 69.56(11) 
C(3)-C(4)-Co(1) 70.25(12) 
C(4)-C(5)-C(1) 104.60(18) 
C(4)-C(5)-Co(1) 70.14(12) 
C(1)-C(5)-Co(1) 67.41(11) 
C(7)-C(6)-C(10) 108.51(19) 
C(7)-C(6)-Co(1) 69.72(12) 
C(10)-C(6)-Co(1) 69.23(12) 
C(6)-C(7)-C(8) 107.68(19) 
C(6)-C(7)-Co(1) 69.49(12) 
C(8)-C(7)-Co(1) 69.23(12) 
C(7)-C(8)-C(9) 108.0(2) 
C(7)-C(8)-Co(1) 69.80(12) 
C(9)-C(8)-Co(1) 69.28(12) 
C(10)-C(9)-C(8) 108.1(2) 
C(10)-C(9)-Co(1) 69.54(12) 
C(8)-C(9)-Co(1) 69.58(12) 
C(9)-C(10)-C(6) 107.7(2) 
C(9)-C(10)-Co(1) 69.45(12) 
C(6)-C(10)-Co(1) 69.78(12) 
F(9')-P(2)-F(8') 94.1(10) 
F(9')-P(2)-F(10) 138.5(7) 
F(8')-P(2)-F(10) 124.9(9) 
F(9')-P(2)-F(8) 129.9(7) 
F(8')-P(2)-F(8) 38.0(9) 
F(10)-P(2)-F(8) 91.51(18) 
F(9')-P(2)-F(7') 89.7(7) 
F(8')-P(2)-F(7') 173.2(7) 
F(10)-P(2)-F(7') 50.1(4) 
F(8)-P(2)-F(7') 139.7(4) 
F(9')-P(2)-F(11) 93.3(3) 
F(8')-P(2)-F(11) 103.3(4) 
F(10)-P(2)-F(11) 91.13(11) 
F(8)-P(2)-F(11) 87.63(14) 
F(7')-P(2)-F(11) 82.1(3) 
F(9')-P(2)-F(12) 86.5(3) 
F(8')-P(2)-F(12) 77.8(4) 
F(10)-P(2)-F(12) 88.36(11) 
F(8)-P(2)-F(12) 93.37(14) 
F(7')-P(2)-F(12) 96.8(3) 
F(11)-P(2)-F(12) 178.89(10) 
F(9')-P(2)-F(7) 48.5(6) 
F(8')-P(2)-F(7) 141.0(10) 
F(10)-P(2)-F(7) 90.2(2) 
F(8)-P(2)-F(7) 178.00(18) 
F(7')-P(2)-F(7) 41.6(4) 
F(11)-P(2)-F(7) 91.25(11) 
F(12)-P(2)-F(7) 87.76(11) 
F(9')-P(2)-F(9) 40.5(6) 
F(8')-P(2)-F(9) 57.0(9) 
F(10)-P(2)-F(9) 177.38(16) 
F(8)-P(2)-F(9) 89.68(19) 
F(7')-P(2)-F(9) 128.1(5) 
F(11)-P(2)-F(9) 86.59(12) 
F(12)-P(2)-F(9) 93.89(13) 
F(7)-P(2)-F(9) 88.6(2) 
F(9')-P(2)-F(10') 172.1(7) 
F(8')-P(2)-F(10') 90.6(10) 
F(10)-P(2)-F(10') 35.2(7) 
F(8)-P(2)-F(10') 56.4(7) 
F(7')-P(2)-F(10') 85.0(8) 
F(11)-P(2)-F(10') 91.8(3) 
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F(12)-P(2)-F(10') 88.3(3) 
F(7)-P(2)-F(10') 125.4(8) 
F(9)-P(2)-F(10') 146.0(7) 
F(1)-P(1)-F(5) 90.09(8) 
F(1)-P(1)-F(6) 89.93(8) 
F(5)-P(1)-F(6) 91.29(8) 
F(1)-P(1)-F(4) 178.93(9) 
F(5)-P(1)-F(4) 90.81(7) 
F(6)-P(1)-F(4) 90.65(8) 
F(1)-P(1)-F(2) 90.14(9) 
F(5)-P(1)-F(2) 90.10(7) 
F(6)-P(1)-F(2) 178.61(8) 
F(4)-P(1)-F(2) 89.27(8) 
F(1)-P(1)-F(3) 90.07(8) 
F(5)-P(1)-F(3) 179.67(8) 
F(6)-P(1)-F(3) 89.00(8) 
F(4)-P(1)-F(3) 89.03(7) 
F(2)-P(1)-F(3) 89.61(8) 
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Table 4. Anisotropic displacement parameters  (Å2x 103) for 5. The anisotropic displacement factor 
exponent takes the form: -2pi2[ h2 a*2U11 + ... + 2 h k a* b* U12]. 
 
 U11 U22  U33 U23 U13 U12 
Co(1) 16(1)  17(1) 13(1)  -4(1) -1(1)  1(1) 
F(1) 51(1)  26(1) 32(1)  -10(1) 5(1)  1(1) 
F(2) 21(1)  58(1) 32(1)  -10(1) -3(1)  -2(1) 
F(3) 35(1)  30(1) 25(1)  0(1) 6(1)  2(1) 
F(4) 43(1)  23(1) 24(1)  -8(1) -6(1)  11(1) 
F(5) 26(1)  31(1) 22(1)  -2(1) 1(1)  3(1) 
F(6) 23(1)  49(1) 31(1)  -6(1) -8(1)  8(1) 
F(7) 30(1)  105(3) 59(2)  -51(3) 12(1)  -29(2) 
F(7') 118(10)  40(4) 33(4)  -10(3) 13(5)  -48(5) 
F(8) 28(1)  66(2) 55(2)  -27(2) 0(1)  -19(1) 
F(8') 230(20)  85(9) 84(9)  -57(7) 99(11)  -133(12) 
F(9) 82(2)  46(2) 41(1)  -2(1) -17(1)  37(2) 
F(9') 64(7)  143(15) 41(4)  -20(6) -16(4)  85(9) 
F(10) 96(3)  22(1) 25(1)  0(1) 1(1)  24(1) 
F(10') 61(6)  215(17) 63(6)  -87(8) -53(5)  95(8) 
F(11) 55(1)  46(1) 30(1)  -20(1) -4(1)  15(1) 
F(12) 32(1)  80(1) 18(1)  -11(1) -1(1)  8(1) 
O(1) 25(1)  45(1) 19(1)  -4(1) -5(1)  0(1) 
O(2) 29(1)  24(1) 22(1)  1(1) -3(1)  1(1) 
N(1) 20(1)  21(1) 15(1)  -1(1) 0(1)  3(1) 
N(2) 39(1)  24(1) 21(1)  -5(1) -4(1)  3(1) 
N(3) 18(1)  24(1) 19(1)  -1(1) 2(1)  3(1) 
C(1) 17(1)  22(1) 15(1)  -5(1) 1(1)  -1(1) 
C(2) 26(1)  20(1) 15(1)  -1(1) 1(1)  -2(1) 
C(3) 35(1)  22(1) 22(1)  -4(1) 2(1)  -10(1) 
C(4) 21(1)  36(1) 21(1)  -8(1) 0(1)  -10(1) 
C(5) 15(1)  33(1) 17(1)  -4(1) -1(1)  1(1) 
C(6) 18(1)  33(1) 25(1)  -10(1) 6(1)  -6(1) 
C(7) 17(1)  37(1) 27(1)  -14(1) -2(1)  6(1) 
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 U11 U22  U33 U23 U13 U12 
C(8) 27(1)  35(1) 28(1)  -17(1) -1(1)  10(1) 
C(9) 25(1)  41(1) 17(1)  -12(1) 1(1)  4(1) 
C(10) 24(1)  33(1) 17(1)  -1(1) 8(1)  -1(1) 
C(11) 35(1)  23(1) 33(1)  -4(1) 2(1)  -3(1) 
P(2) 20(1)  21(1) 19(1)  -3(1) -3(1)  -1(1) 
P(1) 19(1)  21(1) 20(1)  -4(1) 0(1)  2(1) 
 
 
 
 
 
Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2 x 10 3) for 5. 
 
 x y z U(eq)  
H(2A) 2735 9366 5655 25 
H(3A) 3934 10804 6989 32 
H(4A) 5586 9204 8560 31 
H(5A) 5489 6720 8254 26 
H(6A) 37 6304 8158 30 
H(7A) -748 8872 7439 31 
H(8A) 695 10247 8727 34 
H(9A) 2367 8519 10238 32 
H(10A) 1963 6081 9883 31 
H(11A) -1897 4133 6332 46 
H(11B) -474 3382 7155 46 
H(11C) -2273 3727 7695 46 
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Crystal structure data, atomic coordinates, bond lengths and angles for 
[Mn(η5-C5H4N2)(CO)3][BF4], 7 
 
Table 1. Crystal data and structure refinement for 7. 
 
Empirical formula C8 H4 B F4 Mn N2 O3 
Formula weight 317.88 
Temperature 208(2) K 
Wavelength 0.71073 Å 
Crystal system Orthorhombic 
Space group Pnma 
Unit cell dimensions a = 12.0967(10) Å α= 90° 
 b = 7.3951(6) Å β= 90° 
 c = 12.8488(10) Å γ = 90° 
Volume 1149.41(16) Å3 
Z 4 
Density (calculated) 1.837 g/cm3 
Absorption coefficient 1.205 mm-1 
F(000) 624 
Crystal size 0.30 x 0.30 x 0.27 mm3 
Theta range for data collection 2.31 to 25.93° 
Index ranges -14<=h<=14, -5<=k<=9, -13<=l<=15 
Reflections collected 4894 
Independent reflections 1216 [R(int) = 0.0181] 
Completeness to theta = 25.00° 99.8 % 
Absorption correction None 
Max. and min. transmission 0.7367 and 0.7137 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1216 / 0 / 73 
Goodness-of-fit on F2 1.089 
Final R indices [I>2sigma(I)] R1 = 0.0304, wR2 = 0.0867 
R indices (all data) R1 = 0.0331, wR2 = 0.0889 
Largest diff. peak and hole 0.449 and -0.162 e Å-3 
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2x 103) for 7. 
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 
Mn(1) -506(1) 2500 1479(1) 43(1) 
O(1) -176(2) 2500 -791(2) 80(1) 
O(2) -2180(1) -380(2) 1308(1) 70(1) 
N(1) -675(2) 2500 3881(2) 69(1) 
N(2) -1217(3) 2500 4562(2) 97(1) 
C(1) 1147(1) 1554(3) 1763(2) 67(1) 
C(2) 444(1) 921(3) 2538(2) 59(1) 
C(3) 10(2) 2500 3022(2) 54(1) 
C(4) -321(2) 2500 89(2) 57(1) 
C(5) -1548(2) 735(2) 1375(1) 48(1) 
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 Table 3. Bond lengths [Å] and angles [°] for 7. 
 
 
Mn(1)-C(4)  1.801(3) 
Mn(1)-C(5)#1  1.8195(19) 
Mn(1)-C(5)  1.8195(19) 
Mn(1)-C(3)  2.078(3) 
Mn(1)-C(2)#1  2.1286(18) 
Mn(1)-C(2)  2.1286(18) 
Mn(1)-C(1)#1  2.1493(18) 
Mn(1)-C(1)  2.1493(18) 
O(1)-C(4)  1.143(4) 
O(2)-C(5)  1.128(2) 
N(1)-N(2)  1.094(4) 
N(1)-C(3)  1.380(4) 
C(1)-C(2)  1.390(3) 
C(1)-C(1)#1  1.399(5) 
C(2)-C(3)  1.423(2) 
C(3)-C(2)#1  1.423(2) 
 
C(4)-Mn(1)-C(5)#1 90.76(8) 
C(4)-Mn(1)-C(5) 90.76(8) 
C(5)#1-Mn(1)-C(5) 91.67(11) 
C(4)-Mn(1)-C(3) 155.41(12) 
C(5)#1-Mn(1)-C(3) 106.13(7) 
C(5)-Mn(1)-C(3) 106.13(7) 
C(4)-Mn(1)-C(2)#1 124.54(9) 
C(5)#1-Mn(1)-C(2)#1 91.56(8) 
C(5)-Mn(1)-C(2)#1 144.49(8) 
C(3)-Mn(1)-C(2)#1 39.53(6) 
C(4)-Mn(1)-C(2) 124.54(9) 
C(5)#1-Mn(1)-C(2) 144.49(8) 
C(5)-Mn(1)-C(2) 91.56(8) 
C(3)-Mn(1)-C(2) 39.53(6) 
C(2)#1-Mn(1)-C(2) 66.53(11) 
C(4)-Mn(1)-C(1)#1 93.04(11) 
C(5)#1-Mn(1)-C(1)#1 115.06(8) 
C(5)-Mn(1)-C(1)#1 152.92(8) 
C(3)-Mn(1)-C(1)#1 63.83(9) 
C(2)#1-Mn(1)-C(1)#1 37.93(8) 
C(2)-Mn(1)-C(1)#1 64.42(8) 
C(4)-Mn(1)-C(1) 93.04(11) 
C(5)#1-Mn(1)-C(1) 152.92(8) 
C(5)-Mn(1)-C(1) 115.06(8) 
C(3)-Mn(1)-C(1) 63.83(9) 
C(2)#1-Mn(1)-C(1) 64.42(8) 
C(2)-Mn(1)-C(1) 37.93(8) 
C(1)#1-Mn(1)-C(1) 37.98(12) 
N(2)-N(1)-C(3) 180.0(3) 
C(2)-C(1)-C(1)#1 109.67(12) 
C(2)-C(1)-Mn(1) 70.23(10) 
C(1)#1-C(1)-Mn(1) 71.01(6) 
C(1)-C(2)-C(3) 105.21(18) 
C(1)-C(2)-Mn(1) 71.84(12) 
C(3)-C(2)-Mn(1) 68.32(12) 
N(1)-C(3)-C(2)#1 124.82(12) 
N(1)-C(3)-C(2) 124.82(12) 
C(2)#1-C(3)-C(2) 110.2(2) 
N(1)-C(3)-Mn(1) 125.65(19) 
C(2)#1-C(3)-Mn(1) 72.15(13) 
C(2)-C(3)-Mn(1) 72.15(13) 
O(1)-C(4)-Mn(1) 178.3(3) 
O(2)-C(5)-Mn(1) 178.84(17) 
Symmetry transformations used to generate equivalent atoms:  #1 x,-y+1/2,z       
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Table 4. Anisotropic displacement parameters  (Å2x 103) for 7. The anisotropic displacement factor 
exponent takes the form: -2pi2[ h2 a*2U11 + ... + 2 h k a* b* U12]. 
 
 U11 U22  U33 U23 U13 U12 
Mn(1) 38(1)  33(1) 58(1)  0 3(1)  0 
O(1) 114(2)  61(1) 66(1)  0 32(1)  0 
O(2) 62(1)  50(1) 98(1)  4(1) -8(1)  -13(1) 
N(1) 59(1)  88(2) 61(1)  0 -10(1)  0 
N(2) 80(2)  141(3) 71(2)  0 -1(2)  0 
C(1) 39(1)  66(1) 95(1)  -8(1) -1(1)  11(1) 
C(2) 47(1)  49(1) 81(1)  5(1) -9(1)  7(1) 
C(3) 42(1)  55(2) 65(2)  0 -8(1)  0 
C(4) 64(2)  37(1) 71(2)  0 12(1)  0 
C(5) 48(1)  39(1) 57(1)  3(1) 0(1)  0(1) 
 
 
 
 
 
 
Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2 x 10 3) for 7. 
 
 x y z U(eq) 
H(1A) 1582 783 1284 80 
H(2A) 315 -352 2742 71 
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Crystal structure data, atomic coordinates, bond lengths and angles for Mn(η5-
C5H4NH2)(CO)3, 3   
 
Table 1. Crystal data and structure refinement for 3. 
 
Empirical formula C8 H6 Mn N O3 
Formula weight 219.08 
Temperature 208(2) K 
Wavelength 0.71073 Å 
Crystal system Orthorhombic 
Space group Pbca 
Unit cell dimensions a = 7.242(2) Å α= 90° 
 b = 13.408(4) Å β= 90° 
 c = 17.835(5) Å γ = 90° 
Volume 1731.8(8) Å3 
Z 8 
Density (calculated) 1.681 g/cm3 
Absorption coefficient 1.493 mm-1 
F(000) 880 
Crystal size 0.29 x 0.20 x 0.10 mm3 
Theta range for data collection 2.28 to 28.35° 
Index ranges -8<=h<=9, -17<=k<=16, -22<=l<=23 
Reflections collected 13747 
Independent reflections 2026 [R(int) = 0.0411] 
Completeness to theta = 25.00° 100.0 % 
Absorption correction Multi-scan 
Max. and min. transmission 0.8650 and 0.6713 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2026 / 0 / 118 
Goodness-of-fit on F2 1.049 
Final R indices [I>2sigma(I)] R1 = 0.0287, wR2 = 0.0679 
R indices (all data) R1 = 0.0400, wR2 = 0.0738 
Largest diff. peak and hole 0.283 and -0.323 e Å-3 
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2x 103) for 3. 
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 
Mn(1) 634(1) 8503(1) 3770(1) 25(1) 
O(1) 3031(3) 7028(1) 3029(1) 67(1) 
O(2) 3793(2) 9685(1) 4304(1) 48(1) 
O(3) 153(3) 9803(1) 2456(1) 58(1) 
N(1) -1606(3) 6351(1) 3725(1) 42(1) 
C(1) -1379(3) 7290(1) 4028(1) 29(1) 
C(2) -257(3) 7530(2) 4658(1) 33(1) 
C(3) -584(3) 8543(2) 4849(1) 35(1) 
C(4) -1823(3) 8945(2) 4318(1) 34(1) 
C(5) -2278(3) 8173(1) 3798(1) 30(1) 
C(6) 2099(3) 7620(2) 3304(1) 40(1) 
C(7) 2566(3) 9216(2) 4093(1) 33(1) 
C(8) 364(3) 9299(2) 2969(1) 37(1) 
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Table 3. Bond lengths [Å] and angles [°] for 3. 
 
 
Mn(1)-C(7)  1.790(2) 
Mn(1)-C(6)  1.794(2) 
Mn(1)-C(8)  1.795(2) 
Mn(1)-C(4)  2.115(2) 
Mn(1)-C(3)  2.118(2) 
Mn(1)-C(2)  2.151(2) 
Mn(1)-C(5)  2.155(2) 
Mn(1)-C(1)  2.2318(19) 
O(1)-C(6)  1.152(3) 
O(2)-C(7)  1.152(3) 
O(3)-C(8)  1.147(3) 
N(1)-C(1)  1.380(2) 
C(1)-C(5)  1.412(3) 
C(1)-C(2)  1.424(3) 
C(2)-C(3)  1.420(3) 
C(3)-C(4)  1.411(3) 
C(4)-C(5)  1.428(3) 
 
C(7)-Mn(1)-C(6) 92.22(10) 
C(7)-Mn(1)-C(8) 91.35(10) 
C(6)-Mn(1)-C(8) 95.06(10) 
C(7)-Mn(1)-C(4) 111.04(9) 
C(6)-Mn(1)-C(4) 153.76(9) 
C(8)-Mn(1)-C(4) 96.31(9) 
C(7)-Mn(1)-C(3) 91.11(9) 
C(6)-Mn(1)-C(3) 133.18(9) 
C(8)-Mn(1)-C(3) 131.54(9) 
C(4)-Mn(1)-C(3) 38.94(8) 
C(7)-Mn(1)-C(2) 108.73(9) 
C(6)-Mn(1)-C(2) 96.81(9) 
C(8)-Mn(1)-C(2) 156.16(9) 
C(4)-Mn(1)-C(2) 64.99(8) 
C(3)-Mn(1)-C(2) 38.85(8) 
C(7)-Mn(1)-C(5) 150.09(9) 
C(6)-Mn(1)-C(5) 117.05(9) 
C(8)-Mn(1)-C(5) 91.95(9) 
C(4)-Mn(1)-C(5) 39.07(8) 
C(3)-Mn(1)-C(5) 64.94(8) 
C(2)-Mn(1)-C(5) 64.23(7) 
C(7)-Mn(1)-C(1) 146.43(9) 
C(6)-Mn(1)-C(1) 90.09(9) 
C(8)-Mn(1)-C(1) 121.80(9) 
C(4)-Mn(1)-C(1) 63.86(7) 
C(3)-Mn(1)-C(1) 63.83(8) 
C(2)-Mn(1)-C(1) 37.85(8) 
C(5)-Mn(1)-C(1) 37.52(7) 
N(1)-C(1)-C(5) 126.61(19) 
N(1)-C(1)-C(2) 125.70(18) 
C(5)-C(1)-C(2) 107.62(17) 
N(1)-C(1)-Mn(1) 131.41(15) 
C(5)-C(1)-Mn(1) 68.28(11) 
C(2)-C(1)-Mn(1) 67.99(11) 
C(3)-C(2)-C(1) 108.07(17) 
C(3)-C(2)-Mn(1) 69.32(11) 
C(1)-C(2)-Mn(1) 74.16(11) 
C(4)-C(3)-C(2) 108.10(18) 
C(4)-C(3)-Mn(1) 70.43(12) 
C(2)-C(3)-Mn(1) 71.82(12) 
C(3)-C(4)-C(5) 107.80(17) 
C(3)-C(4)-Mn(1) 70.63(11) 
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C(5)-C(4)-Mn(1) 71.96(11) 
C(1)-C(5)-C(4) 108.20(17) 
C(1)-C(5)-Mn(1) 74.20(11) 
C(4)-C(5)-Mn(1) 68.97(11) 
O(1)-C(6)-Mn(1) 177.2(2) 
O(2)-C(7)-Mn(1) 179.08(19) 
O(3)-C(8)-Mn(1) 178.6(2) 
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Table 4. Anisotropic displacement parameters  (Å2x 103) for 3. The anisotropic displacement factor 
exponent takes the form: -2pi2[ h2 a*2U11 + ... + 2 h k a* b* U12]. 
 
 U11 U22  U33 U23 U13 U12 
Mn(1) 25(1)  26(1) 25(1)  2(1) 2(1)  0(1) 
O(1) 77(1)  60(1) 65(1)  -9(1) 27(1)  22(1) 
O(2) 35(1)  61(1) 48(1)  -8(1) 1(1)  -14(1) 
O(3) 70(1)  59(1) 45(1)  25(1) -6(1)  -7(1) 
N(1) 51(1)  26(1) 49(1)  1(1) 0(1)  -4(1) 
C(1) 28(1)  27(1) 32(1)  4(1) 4(1)  -2(1) 
C(2) 28(1)  40(1) 30(1)  10(1) 0(1)  0(1) 
C(3) 34(1)  45(1) 26(1)  -5(1) 7(1)  -9(1) 
C(4) 30(1)  30(1) 42(1)  -2(1) 11(1)  2(1) 
C(5) 26(1)  34(1) 32(1)  6(1) -2(1)  2(1) 
C(6) 45(1)  39(1) 37(1)  2(1) 10(1)  0(1) 
C(7) 32(1)  37(1) 30(1)  0(1) 6(1)  2(1) 
C(8) 36(1)  38(1) 38(1)  4(1) 0(1)  -6(1) 
 
 
 
Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2 x 10 3) for 3. 
 
 x y z U(eq) 
H(1A) -2367 6261 3353 50 
H(1B) -988 5849 3905 50 
H(2A) 536 7059 4939 39 
H(3A) -85 8895 5293 42 
H(4A) -2349 9626 4326 41 
H(5A) -3145 8235 3371 36 
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Crystal structure data, atomic coordinates, bond lengths and angles for  
[Mn(η5-C5H4NH2)(CO)3][TFAB], [3][TFAB] 
 
Table 1. Crystal data and structure refinement for [3][TFAB]. 
 
Empirical formula C32 H14 B F20 Mn N O7 
Formula weight 970.19 
Temperature 100(2) K 
Wavelength 0.71073 Å 
Crystal system Triclinic 
Space group P-1 
Unit cell dimensions a = 11.1365(8) Å α= 101.3260(10)° 
 b = 11.5717(8) Å β= 111.6160(10)° 
 c = 14.7086(10) Å γ = 102.7390(10)° 
Volume 1636.3(2) Å3 
Z 2 
Density (calculated) 1.969 g/cm3 
Absorption coefficient 0.572 mm-1 
F(000) 958 
Crystal size 0.22 x 0.08 x 0.04 mm3 
Theta range for data collection 1.56 to 28.22° 
Index ranges -9<=h<=14, -15<=k<=15, -19<=l<=12 
Reflections collected 10223 
Independent reflections 6206 [R(int) = 0.0200] 
Completeness to theta = 25.00° 97.0 % 
Absorption correction Multi-scan 
Max. and min. transmission 0.9775 and 0.8845 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6206 / 0 / 523 
Goodness-of-fit on F2 1.062 
Final R indices [I>2sigma(I)] R1 = 0.0462, wR2 = 0.1099 
R indices (all data) R1 = 0.0603, wR2 = 0.1169 
Largest diff. peak and hole 0.599 and -0.407 e Å-3 
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[3][TFAB]. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 
Mn(1) -5761(1) 7074(1) 194(1) 19(1) 
F(12) 3646(2) 5509(2) 4377(1) 28(1) 
F(13) 3825(2) 7866(2) 4411(2) 37(1) 
F(14) 1951(2) 8352(2) 2848(2) 35(1) 
F(15) -59(2) 6431(2) 1230(1) 28(1) 
F(16) -288(2) 4118(1) 1190(1) 24(1) 
F(22) 3368(2) 3205(2) 5061(1) 28(1) 
F(23) 2595(2) 3239(2) 6554(1) 35(1) 
F(24) 130(2) 3481(2) 6321(1) 36(1) 
F(25) -1583(2) 3659(2) 4516(1) 29(1) 
F(26) -882(2) 3533(2) 2947(1) 24(1) 
F(32) 4092(2) 4566(2) 2577(1) 27(1) 
F(33) 6136(2) 3736(2) 2670(1) 31(1) 
F(34) 6259(2) 1565(2) 3160(1) 30(1) 
F(35) 4264(2) 308(2) 3559(2) 31(1) 
F(36) 2112(2) 1075(2) 3392(1) 27(1) 
F(42) 1495(2) 2925(2) 869(1) 25(1) 
F(43) -331(2) 1220(2) -903(1) 29(1) 
F(44) -2475(2) -525(2) -953(1) 32(1) 
F(45) -2675(2) -554(2) 827(1) 31(1) 
F(46) -886(2) 1072(2) 2591(1) 26(1) 
O(1) -5812(2) 8811(2) -1030(2) 36(1) 
O(2) -7606(2) 4913(2) -1627(2) 31(1) 
O(3) -3415(2) 6550(2) -61(2) 36(1) 
N(1) -3416(2) 8931(2) 2420(2) 31(1) 
C(1) -4792(3) 8052(3) 1793(2) 25(1) 
C(2) -5186(3) 6753(3) 1667(2) 26(1) 
C(3) -6625(3) 6296(3) 1112(2) 26(1) 
C(4) -7105(3) 7297(3) 906(2) 24(1) 
C(5) -5959(3) 8392(3) 1341(2) 25(1) 
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C(6) -5792(3) 8127(3) -560(2) 26(1) 
C(7) -6901(3) 5767(3) -924(2) 24(1) 
C(8) -4323(3) 6763(3) 39(2) 25(1) 
C(11) 1695(3) 4670(3) 2773(2) 20(1) 
C(12) 2715(3) 5698(3) 3574(2) 22(1) 
C(13) 2819(3) 6916(3) 3605(2) 26(1) 
C(14) 1897(3) 7176(3) 2822(2) 25(1) 
C(15) 867(3) 6203(3) 2010(2) 21(1) 
C(16) 792(3) 4992(3) 2017(2) 20(1) 
C(21) 1257(3) 3308(2) 3895(2) 19(1) 
C(22) 2101(3) 3288(3) 4850(2) 22(1) 
C(23) 1739(3) 3329(3) 5656(2) 26(1) 
C(24) 493(3) 3444(3) 5539(2) 25(1) 
C(25) -370(3) 3523(3) 4625(2) 23(1) 
C(26) 24(3) 3460(3) 3835(2) 21(1) 
C(31) 2996(3) 2891(3) 3011(2) 20(1) 
C(32) 4062(3) 3501(3) 2834(2) 23(1) 
C(33) 5159(3) 3092(3) 2878(2) 23(1) 
C(34) 5221(3) 2012(3) 3115(2) 23(1) 
C(35) 4191(3) 1360(3) 3306(2) 23(1) 
C(36) 3116(3) 1793(3) 3230(2) 22(1) 
C(41) 399(3) 2149(3) 1833(2) 18(1) 
C(42) 472(3) 2084(3) 897(2) 21(1) 
C(43) -467(3) 1213(3) -33(2) 22(1) 
C(44) -1544(3) 340(3) -57(2) 24(1) 
C(45) -1647(3) 327(3) 839(2) 23(1) 
C(46) -683(3) 1215(3) 1759(2) 22(1) 
B(1) 1599(3) 3256(3) 2880(3) 20(1) 
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Table 3. Bond lengths [Å] and angles [°] for [3][TFAB]. 
 
 
Mn(1)-C(6)  1.798(3) 
Mn(1)-C(8)  1.799(3) 
Mn(1)-C(7)  1.801(3) 
Mn(1)-C(1)  2.127(3) 
Mn(1)-C(3)  2.149(3) 
Mn(1)-C(4)  2.149(3) 
Mn(1)-C(5)  2.152(3) 
Mn(1)-C(2)  2.155(3) 
F(12)-C(12)  1.348(3) 
F(13)-C(13)  1.355(3) 
F(14)-C(14)  1.342(3) 
F(15)-C(15)  1.348(3) 
F(16)-C(16)  1.361(3) 
F(22)-C(22)  1.359(3) 
F(23)-C(23)  1.354(4) 
F(24)-C(24)  1.350(3) 
F(25)-C(25)  1.349(3) 
F(26)-C(26)  1.357(3) 
F(32)-C(32)  1.355(3) 
F(33)-C(33)  1.345(3) 
F(34)-C(34)  1.353(3) 
F(35)-C(35)  1.352(3) 
F(36)-C(36)  1.364(3) 
F(42)-C(42)  1.344(3) 
F(43)-C(43)  1.344(3) 
F(44)-C(44)  1.353(3) 
F(45)-C(45)  1.346(3) 
F(46)-C(46)  1.358(3) 
O(1)-C(6)  1.147(4) 
O(2)-C(7)  1.149(3) 
O(3)-C(8)  1.144(4) 
N(1)-C(1)  1.461(4) 
C(1)-C(5)  1.407(4) 
C(1)-C(2)  1.423(4) 
C(2)-C(3)  1.417(4) 
C(3)-C(4)  1.418(4) 
C(4)-C(5)  1.418(4) 
C(11)-C(16)  1.375(4) 
C(11)-C(12)  1.400(4) 
C(11)-B(1)  1.659(4) 
C(12)-C(13)  1.379(4) 
C(13)-C(14)  1.368(5) 
C(14)-C(15)  1.379(4) 
C(15)-C(16)  1.389(4) 
C(21)-C(22)  1.380(4) 
C(21)-C(26)  1.395(4) 
C(21)-B(1)  1.665(4) 
C(22)-C(23)  1.382(4) 
C(23)-C(24)  1.373(4) 
C(24)-C(25)  1.369(4) 
C(25)-C(26)  1.380(4) 
C(31)-C(32)  1.380(4) 
C(31)-C(36)  1.393(4) 
C(31)-B(1)  1.654(4) 
C(32)-C(33)  1.390(4) 
C(33)-C(34)  1.370(4) 
C(34)-C(35)  1.379(4) 
C(35)-C(36)  1.374(4) 
C(41)-C(46)  1.384(4) 
C(41)-C(42)  1.398(4) 
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C(41)-B(1)  1.659(4) 
C(42)-C(43)  1.386(4) 
C(43)-C(44)  1.372(4) 
C(44)-C(45)  1.367(4) 
C(45)-C(46)  1.391(4) 
 
C(6)-Mn(1)-C(8) 90.85(14) 
C(6)-Mn(1)-C(7) 92.16(14) 
C(8)-Mn(1)-C(7) 90.01(13) 
C(6)-Mn(1)-C(1) 111.39(13) 
C(8)-Mn(1)-C(1) 99.14(13) 
C(7)-Mn(1)-C(1) 154.42(12) 
C(6)-Mn(1)-C(3) 146.05(13) 
C(8)-Mn(1)-C(3) 122.98(13) 
C(7)-Mn(1)-C(3) 90.74(12) 
C(1)-Mn(1)-C(3) 64.22(11) 
C(6)-Mn(1)-C(4) 107.84(13) 
C(8)-Mn(1)-C(4) 158.36(13) 
C(7)-Mn(1)-C(4) 99.83(12) 
C(1)-Mn(1)-C(4) 64.35(11) 
C(3)-Mn(1)-C(4) 38.53(12) 
C(6)-Mn(1)-C(5) 91.11(13) 
C(8)-Mn(1)-C(5) 133.57(12) 
C(7)-Mn(1)-C(5) 136.24(12) 
C(1)-Mn(1)-C(5) 38.38(12) 
C(3)-Mn(1)-C(5) 64.39(11) 
C(4)-Mn(1)-C(5) 38.50(11) 
C(6)-Mn(1)-C(2) 150.20(13) 
C(8)-Mn(1)-C(2) 93.52(13) 
C(7)-Mn(1)-C(2) 117.28(13) 
C(1)-Mn(1)-C(2) 38.83(11) 
C(3)-Mn(1)-C(2) 38.45(11) 
C(4)-Mn(1)-C(2) 64.84(12) 
C(5)-Mn(1)-C(2) 64.92(12) 
C(5)-C(1)-C(2) 109.5(3) 
C(5)-C(1)-N(1) 124.6(3) 
C(2)-C(1)-N(1) 125.3(3) 
C(5)-C(1)-Mn(1) 71.78(17) 
C(2)-C(1)-Mn(1) 71.66(17) 
N(1)-C(1)-Mn(1) 129.6(2) 
C(3)-C(2)-C(1) 106.3(3) 
C(3)-C(2)-Mn(1) 70.54(17) 
C(1)-C(2)-Mn(1) 69.51(18) 
C(2)-C(3)-C(4) 109.0(3) 
C(2)-C(3)-Mn(1) 71.01(17) 
C(4)-C(3)-Mn(1) 70.76(16) 
C(5)-C(4)-C(3) 107.8(3) 
C(5)-C(4)-Mn(1) 70.84(16) 
C(3)-C(4)-Mn(1) 70.71(16) 
C(1)-C(5)-C(4) 107.4(3) 
C(1)-C(5)-Mn(1) 69.84(17) 
C(4)-C(5)-Mn(1) 70.66(17) 
O(1)-C(6)-Mn(1) 179.0(3) 
O(2)-C(7)-Mn(1) 178.1(3) 
O(3)-C(8)-Mn(1) 179.2(3) 
C(16)-C(11)-C(12) 113.4(3) 
C(16)-C(11)-B(1) 127.4(2) 
C(12)-C(11)-B(1) 118.9(3) 
F(12)-C(12)-C(13) 117.0(3) 
F(12)-C(12)-C(11) 119.3(3) 
C(13)-C(12)-C(11) 123.7(3) 
F(13)-C(13)-C(14) 119.3(3) 
F(13)-C(13)-C(12) 120.6(3) 
C(14)-C(13)-C(12) 120.1(3) 
F(14)-C(14)-C(13) 121.3(3) 
F(14)-C(14)-C(15) 119.7(3) 
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C(13)-C(14)-C(15) 119.0(3) 
F(15)-C(15)-C(14) 120.3(3) 
F(15)-C(15)-C(16) 120.8(2) 
C(14)-C(15)-C(16) 118.9(3) 
F(16)-C(16)-C(11) 121.8(2) 
F(16)-C(16)-C(15) 113.3(2) 
C(11)-C(16)-C(15) 124.9(3) 
C(22)-C(21)-C(26) 113.6(3) 
C(22)-C(21)-B(1) 127.3(2) 
C(26)-C(21)-B(1) 119.0(3) 
F(22)-C(22)-C(21) 121.5(3) 
F(22)-C(22)-C(23) 114.6(3) 
C(21)-C(22)-C(23) 123.9(3) 
F(23)-C(23)-C(24) 119.9(3) 
F(23)-C(23)-C(22) 120.4(3) 
C(24)-C(23)-C(22) 119.6(3) 
F(24)-C(24)-C(25) 120.6(3) 
F(24)-C(24)-C(23) 120.0(3) 
C(25)-C(24)-C(23) 119.5(3) 
F(25)-C(25)-C(24) 119.5(3) 
F(25)-C(25)-C(26) 121.5(3) 
C(24)-C(25)-C(26) 119.0(3) 
F(26)-C(26)-C(25) 116.1(3) 
F(26)-C(26)-C(21) 119.5(3) 
C(25)-C(26)-C(21) 124.4(3) 
C(32)-C(31)-C(36) 112.9(3) 
C(32)-C(31)-B(1) 127.3(3) 
C(36)-C(31)-B(1) 119.5(2) 
F(32)-C(32)-C(31) 121.0(3) 
F(32)-C(32)-C(33) 114.4(2) 
C(31)-C(32)-C(33) 124.6(3) 
F(33)-C(33)-C(34) 120.4(3) 
F(33)-C(33)-C(32) 120.3(3) 
C(34)-C(33)-C(32) 119.3(3) 
F(34)-C(34)-C(33) 121.8(3) 
F(34)-C(34)-C(35) 119.2(3) 
C(33)-C(34)-C(35) 119.0(3) 
F(35)-C(35)-C(36) 121.6(3) 
F(35)-C(35)-C(34) 119.1(3) 
C(36)-C(35)-C(34) 119.2(3) 
F(36)-C(36)-C(35) 115.9(3) 
F(36)-C(36)-C(31) 119.2(2) 
C(35)-C(36)-C(31) 124.8(3) 
C(46)-C(41)-C(42) 113.4(3) 
C(46)-C(41)-B(1) 128.0(3) 
C(42)-C(41)-B(1) 118.6(2) 
F(42)-C(42)-C(43) 116.3(2) 
F(42)-C(42)-C(41) 119.3(2) 
C(43)-C(42)-C(41) 124.4(3) 
F(43)-C(43)-C(44) 120.2(3) 
F(43)-C(43)-C(42) 120.8(3) 
C(44)-C(43)-C(42) 119.1(3) 
F(44)-C(44)-C(43) 120.5(3) 
F(44)-C(44)-C(45) 120.1(3) 
C(43)-C(44)-C(45) 119.4(3) 
F(45)-C(45)-C(44) 119.7(3) 
F(45)-C(45)-C(46) 120.4(3) 
C(44)-C(45)-C(46) 119.9(3) 
F(46)-C(46)-C(41) 122.5(3) 
F(46)-C(46)-C(45) 113.7(2) 
C(41)-C(46)-C(45) 123.8(3) 
C(31)-B(1)-C(41) 103.1(2) 
C(31)-B(1)-C(11) 113.6(2) 
C(41)-B(1)-C(11) 112.3(2) 
C(31)-B(1)-C(21) 113.4(2) 
C(41)-B(1)-C(21) 112.2(2) 
C(11)-B(1)-C(21) 102.5(2) 
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Table 4. Anisotropic displacement parameters  (Å2x 103) for [3][TFAB]. The anisotropic displacement 
factor exponent takes the form: -2pi2[ h2 a*2U11 + ... + 2 h k a* b* U12]. 
 
 U11 U22  U33 U23 U13 U12 
Mn(1) 17(1)  19(1) 22(1)  5(1) 9(1)  5(1) 
F(12) 21(1)  28(1) 24(1)  7(1) 1(1)  4(1) 
F(13) 34(1)  23(1) 34(1)  1(1) 3(1)  -2(1) 
F(14) 34(1)  19(1) 43(1)  10(1) 9(1)  3(1) 
F(15) 23(1)  26(1) 32(1)  14(1) 7(1)  9(1) 
F(16) 19(1)  20(1) 24(1)  4(1) 4(1)  5(1) 
F(22) 18(1)  41(1) 24(1)  10(1) 7(1)  12(1) 
F(23) 26(1)  57(1) 22(1)  17(1) 8(1)  15(1) 
F(24) 30(1)  56(1) 24(1)  11(1) 15(1)  12(1) 
F(25) 19(1)  36(1) 31(1)  7(1) 13(1)  9(1) 
F(26) 19(1)  32(1) 22(1)  11(1) 6(1)  12(1) 
F(32) 25(1)  29(1) 38(1)  20(1) 17(1)  11(1) 
F(33) 24(1)  40(1) 38(1)  18(1) 19(1)  13(1) 
F(34) 21(1)  33(1) 37(1)  9(1) 10(1)  14(1) 
F(35) 22(1)  22(1) 43(1)  11(1) 8(1)  8(1) 
F(36) 20(1)  25(1) 38(1)  13(1) 13(1)  6(1) 
F(42) 23(1)  29(1) 26(1)  10(1) 13(1)  8(1) 
F(43) 40(1)  31(1) 21(1)  11(1) 13(1)  19(1) 
F(44) 29(1)  25(1) 26(1)  -1(1) 0(1)  9(1) 
F(45) 24(1)  22(1) 36(1)  5(1) 9(1)  -1(1) 
F(46) 28(1)  26(1) 25(1)  8(1) 13(1)  4(1) 
O(1) 49(2)  28(1) 36(1)  14(1) 22(1)  13(1) 
O(2) 31(1)  28(1) 29(1)  6(1) 12(1)  2(1) 
O(3) 29(1)  37(1) 53(2)  14(1) 26(1)  16(1) 
N(1) 18(1)  29(1) 32(2)  1(1) 4(1)  6(1) 
C(1) 19(1)  29(2) 24(2)  5(1) 8(1)  5(1) 
C(2) 26(2)  32(2) 26(2)  13(1) 13(1)  14(1) 
C(3) 25(2)  27(2) 28(2)  9(1) 16(1)  7(1) 
C(4) 21(1)  31(2) 24(2)  9(1) 12(1)  12(1) 
C(5) 26(2)  27(2) 25(2)  8(1) 15(1)  12(1) 
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C(6) 27(2)  24(1) 27(2)  5(1) 14(1)  9(1) 
C(7) 21(1)  25(1) 26(2)  8(1) 11(1)  7(1) 
C(8) 25(2)  20(1) 29(2)  6(1) 13(1)  6(1) 
C(11) 19(1)  22(1) 20(2)  7(1) 11(1)  5(1) 
C(12) 16(1)  26(1) 22(2)  10(1) 5(1)  8(1) 
C(13) 19(1)  23(1) 28(2)  3(1) 9(1)  0(1) 
C(14) 27(2)  21(1) 29(2)  9(1) 14(1)  7(1) 
C(15) 18(1)  25(1) 23(2)  12(1) 9(1)  7(1) 
C(16) 14(1)  22(1) 22(2)  4(1) 8(1)  3(1) 
C(21) 18(1)  15(1) 22(2)  4(1) 8(1)  5(1) 
C(22) 14(1)  26(1) 23(2)  7(1) 5(1)  6(1) 
C(23) 25(2)  32(2) 17(2)  8(1) 4(1)  9(1) 
C(24) 24(1)  29(2) 20(2)  4(1) 11(1)  6(1) 
C(25) 16(1)  23(1) 29(2)  6(1) 10(1)  5(1) 
C(26) 18(1)  20(1) 20(2)  7(1) 5(1)  5(1) 
C(31) 16(1)  24(1) 14(2)  6(1) 3(1)  6(1) 
C(32) 23(1)  24(1) 19(2)  6(1) 6(1)  9(1) 
C(33) 15(1)  29(2) 21(2)  6(1) 6(1)  5(1) 
C(34) 17(1)  27(2) 21(2)  3(1) 4(1)  10(1) 
C(35) 20(1)  20(1) 23(2)  6(1) 4(1)  7(1) 
C(36) 14(1)  24(1) 23(2)  4(1) 7(1)  1(1) 
C(41) 17(1)  20(1) 20(2)  8(1) 7(1)  10(1) 
C(42) 19(1)  21(1) 26(2)  11(1) 9(1)  10(1) 
C(43) 28(2)  27(2) 18(2)  12(1) 8(1)  18(1) 
C(44) 24(1)  19(1) 24(2)  4(1) 2(1)  14(1) 
C(45) 17(1)  20(1) 30(2)  9(1) 7(1)  7(1) 
C(46) 22(1)  22(1) 23(2)  7(1) 10(1)  9(1) 
B(1) 15(1)  22(2) 21(2)  7(1) 6(1)  6(1) 
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Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2 x 10 3) for [3][TFAB]. 
 
 x y z U(eq) 
H(1A) -3275 9736 2536 37 
H(1B) -2728 8655 2681 37 
H(2A) -4574 6267 1944 31 
H(3A) -7210 5415 915 31 
H(4A) -8080 7246 546 29 
H(5A) -5979 9253 1345 29 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
339 
Crystal structure data, atomic coordinates, bond lengths and angles for 
[MnCp*(CO)3][TFAB], [9][TFAB]  
 
Table 1. Crystal data and structure refinement for [9][TFAB]. 
 
Empirical formula C37 H15 B F20 Mn O3 
Formula weight 953.24 
Temperature 208(2) K 
Wavelength 0.71073 Å 
Crystal system Orthorhombic 
Space group Pca2(1) 
Unit cell dimensions a = 16.467(2) Å α= 90° 
 b = 11.6868(17) Å β= 90° 
 c = 18.850(3) Å γ = 90° 
Volume 3627.5(9) Å3 
Z 4 
Density (calculated) 1.745 g/cm3 
Absorption coefficient 0.506 mm-1 
F(000) 1884 
Crystal size 32.00 x 0.33 x 0.18 mm3 
Theta range for data collection 1.74 to 25.99° 
Index ranges -19<=h<=20, -14<=k<=14, -22<=l<=10 
Reflections collected 16435 
Independent reflections 5451 [R(int) = 0.0340] 
Completeness to theta = 25.00° 99.5 % 
Absorption correction SADABS 
Max. and min. transmission 0.9144 and 0.0219 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5451 / 1 / 559 
Goodness-of-fit on F2 1.055 
Final R indices [I>2sigma(I)] R1 = 0.0429, wR2 = 0.1045 
R indices (all data) R1 = 0.0501, wR2 = 0.1109 
Absolute structure parameter -0.02(2) 
Largest diff. peak and hole 0.499 and -0.180 e Å-3 
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Table 2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (Å2x 103) for 
[9][TFAB]. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 
Mn(1) 2366(1) 7403(1) 315(1) 55(1) 
F(22) 2290(1) 1186(2) 2807(2) 67(1) 
F(23) 1309(2) 337(3) 1830(2) 105(1) 
F(24) 1042(2) 1491(4) 594(2) 134(2) 
F(25) 1822(2) 3514(3) 364(2) 122(1) 
F(26) 2786(2) 4398(3) 1332(1) 78(1) 
F(32) 4324(1) 3467(2) 1659(1) 67(1) 
F(33) 5387(2) 5136(3) 1404(2) 86(1) 
F(34) 5396(2) 7060(3) 2227(2) 100(1) 
F(35) 4323(2) 7250(2) 3308(2) 84(1) 
F(36) 3271(1) 5621(2) 3569(1) 62(1) 
F(42) 2669(1) 2100(2) 4188(1) 59(1) 
F(43) 1425(2) 2640(2) 4994(2) 84(1) 
F(44) 429(2) 4419(3) 4644(2) 92(1) 
F(45) 738(1) 5655(2) 3452(2) 73(1) 
F(46) 1987(1) 5112(2) 2632(1) 63(1) 
F(52) 4090(1) 3539(2) 4072(1) 55(1) 
F(53) 5280(2) 2196(3) 4549(2) 74(1) 
F(54) 5683(2) 252(3) 3829(2) 94(1) 
F(55) 4888(2) -264(2) 2610(2) 86(1) 
F(56) 3781(1) 1106(2) 2087(1) 66(1) 
O(1) 2948(3) 7533(3) -1175(2) 85(1) 
O(2) 3934(2) 6268(3) 685(2) 94(1) 
O(3) 1184(2) 5515(3) 17(2) 90(1) 
C(1) 1322(2) 8442(3) 567(2) 58(1) 
C(2) 1882(2) 9080(3) 156(2) 59(1) 
C(3) 2637(2) 9144(3) 559(3) 60(1) 
C(4) 2507(2) 8523(3) 1199(3) 58(1) 
C(5) 1709(2) 8103(3) 1200(2) 59(1) 
C(6) 438(3) 8259(5) 390(4) 89(2) 
C(7) 1708(4) 9641(4) -539(3) 86(2) 
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C(8) 3365(3) 9834(4) 374(4) 83(1) 
C(9) 3087(3) 8441(5) 1807(3) 87(2) 
C(10) 1310(4) 7471(4) 1806(3) 81(2) 
C(11) 2730(3) 7468(3) -614(3) 62(1) 
C(12) 3340(3) 6672(4) 543(3) 67(1) 
C(13) 1644(3) 6177(4) 118(3) 63(1) 
C(21) 2619(2) 2821(4) 2118(2) 53(1) 
C(22) 2202(2) 1801(4) 2202(2) 58(1) 
C(23) 1686(2) 1334(4) 1705(3) 76(2) 
C(24) 1556(3) 1915(6) 1077(4) 92(2) 
C(25) 1936(3) 2928(6) 969(3) 84(2) 
C(26) 2457(3) 3368(5) 1482(2) 65(1) 
C(31) 3722(2) 4449(3) 2613(2) 49(1) 
C(32) 4299(2) 4400(3) 2081(2) 55(1) 
C(33) 4849(2) 5253(4) 1939(3) 65(1) 
C(34) 4866(2) 6224(4) 2347(3) 69(1) 
C(35) 4321(2) 6305(3) 2891(3) 62(1) 
C(36) 3771(2) 5441(3) 3008(2) 51(1) 
C(41) 2422(2) 3609(3) 3370(2) 45(1) 
C(42) 2223(2) 3006(3) 3978(2) 50(1) 
C(43) 1566(2) 3268(4) 4403(2) 59(1) 
C(44) 1062(2) 4159(4) 4237(3) 64(1) 
C(45) 1221(2) 4782(3) 3629(3) 57(1) 
C(46) 1877(2) 4481(3) 3221(2) 48(1) 
C(51) 3839(2) 2389(3) 3071(2) 45(1) 
C(52) 4270(2) 2605(3) 3691(2) 46(1) 
C(53) 4889(2) 1925(4) 3942(2) 55(1) 
C(54) 5099(2) 951(4) 3584(3) 63(1) 
C(55) 4701(2) 690(3) 2971(3) 61(1) 
C(56) 4098(2) 1410(3) 2724(2) 51(1) 
B(1) 3149(2) 3317(3) 2791(2) 44(1) 
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Table 3. Bond lengths [Å] and angles [°] for [9][TFAB]. 
 
Mn(1)-C(11)  1.852(6) 
Mn(1)-C(12)  1.866(5) 
Mn(1)-C(13)  1.898(4) 
Mn(1)-C(4)  2.132(4) 
Mn(1)-C(3)  2.134(4) 
Mn(1)-C(2)  2.137(4) 
Mn(1)-C(5)  2.150(4) 
Mn(1)-C(1)  2.158(4) 
F(22)-C(22)  1.355(5) 
F(23)-C(23)  1.342(6) 
F(24)-C(24)  1.339(6) 
F(25)-C(25)  1.344(7) 
F(26)-C(26)  1.350(6) 
F(32)-C(32)  1.351(5) 
F(33)-C(33)  1.350(5) 
F(34)-C(34)  1.329(5) 
F(35)-C(35)  1.355(5) 
F(36)-C(36)  1.356(4) 
F(42)-C(42)  1.349(4) 
F(43)-C(43)  1.353(5) 
F(44)-C(44)  1.329(5) 
F(45)-C(45)  1.337(5) 
F(46)-C(46)  1.346(4) 
F(52)-C(52)  1.339(4) 
F(53)-C(53)  1.352(5) 
F(54)-C(54)  1.344(5) 
F(55)-C(55)  1.342(5) 
F(56)-C(56)  1.356(5) 
O(1)-C(11)  1.120(6) 
O(2)-C(12)  1.119(6) 
O(3)-C(13)  1.098(5) 
C(1)-C(5)  1.408(6) 
C(1)-C(2)  1.416(6) 
C(1)-C(6)  1.509(6) 
C(2)-C(3)  1.458(6) 
C(2)-C(7)  1.493(7) 
C(3)-C(4)  1.424(6) 
C(3)-C(8)  1.486(6) 
C(4)-C(5)  1.403(6) 
C(4)-C(9)  1.495(7) 
C(5)-C(10)  1.511(7) 
C(6)-H(6A)  0.9700 
C(6)-H(6B)  0.9700 
C(6)-H(6C)  0.9700 
C(7)-H(7A)  0.9700 
C(7)-H(7B)  0.9700 
C(7)-H(7C)  0.9700 
C(8)-H(8A)  0.9700 
C(8)-H(8B)  0.9700 
C(8)-H(8C)  0.9700 
C(9)-H(9A)  0.9700 
C(9)-H(9B)  0.9700 
C(9)-H(9C)  0.9700 
C(10)-H(10A)  0.9700 
C(10)-H(10B)  0.9700 
C(10)-H(10C)  0.9700 
C(21)-C(26)  1.383(6) 
C(21)-C(22)  1.385(6) 
C(21)-B(1)  1.647(6) 
C(22)-C(23)  1.377(6) 
C(23)-C(24)  1.381(9) 
C(24)-C(25)  1.353(9) 
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C(25)-C(26)  1.392(7) 
C(31)-C(32)  1.381(5) 
C(31)-C(36)  1.381(6) 
C(31)-B(1)  1.659(5) 
C(32)-C(33)  1.373(6) 
C(33)-C(34)  1.371(7) 
C(34)-C(35)  1.367(7) 
C(35)-C(36)  1.374(5) 
C(41)-C(42)  1.385(6) 
C(41)-C(46)  1.386(5) 
C(41)-B(1)  1.656(5) 
C(42)-C(43)  1.379(6) 
C(43)-C(44)  1.369(6) 
C(44)-C(45)  1.383(7) 
C(45)-C(46)  1.373(5) 
C(51)-C(56)  1.385(5) 
C(51)-C(52)  1.391(6) 
C(51)-B(1)  1.656(5) 
C(52)-C(53)  1.376(5) 
C(53)-C(54)  1.368(6) 
C(54)-C(55)  1.362(7) 
C(55)-C(56)  1.382(6) 
 
C(11)-Mn(1)-C(12) 87.6(2) 
C(11)-Mn(1)-C(13) 92.82(19) 
C(12)-Mn(1)-C(13) 103.76(19) 
C(11)-Mn(1)-C(4) 132.70(17) 
C(12)-Mn(1)-C(4) 90.45(19) 
C(13)-Mn(1)-C(4) 133.19(18) 
C(11)-Mn(1)-C(3) 95.53(17) 
C(12)-Mn(1)-C(3) 101.97(18) 
C(13)-Mn(1)-C(3) 153.22(16) 
C(4)-Mn(1)-C(3) 39.01(17) 
C(11)-Mn(1)-C(2) 87.14(17) 
C(12)-Mn(1)-C(2) 140.55(18) 
C(13)-Mn(1)-C(2) 115.53(17) 
C(4)-Mn(1)-C(2) 65.59(16) 
C(3)-Mn(1)-C(2) 39.93(16) 
C(11)-Mn(1)-C(5) 151.66(17) 
C(12)-Mn(1)-C(5) 115.36(19) 
C(13)-Mn(1)-C(5) 97.09(17) 
C(4)-Mn(1)-C(5) 38.26(16) 
C(3)-Mn(1)-C(5) 64.84(15) 
C(2)-Mn(1)-C(5) 64.64(16) 
C(11)-Mn(1)-C(1) 116.26(18) 
C(12)-Mn(1)-C(1) 153.0(2) 
C(13)-Mn(1)-C(1) 88.21(17) 
C(4)-Mn(1)-C(1) 64.45(16) 
C(3)-Mn(1)-C(1) 65.29(14) 
C(2)-Mn(1)-C(1) 38.50(16) 
C(5)-Mn(1)-C(1) 38.16(17) 
C(5)-C(1)-C(2) 108.5(4) 
C(5)-C(1)-C(6) 125.7(4) 
C(2)-C(1)-C(6) 125.5(4) 
C(5)-C(1)-Mn(1) 70.6(2) 
C(2)-C(1)-Mn(1) 70.0(2) 
C(6)-C(1)-Mn(1) 129.7(3) 
C(1)-C(2)-C(3) 107.3(4) 
C(1)-C(2)-C(7) 125.9(4) 
C(3)-C(2)-C(7) 126.7(4) 
C(1)-C(2)-Mn(1) 71.5(2) 
C(3)-C(2)-Mn(1) 69.9(2) 
C(7)-C(2)-Mn(1) 126.7(3) 
C(4)-C(3)-C(2) 106.7(3) 
C(4)-C(3)-C(8) 126.6(4) 
C(2)-C(3)-C(8) 126.4(4) 
C(4)-C(3)-Mn(1) 70.4(2) 
C(2)-C(3)-Mn(1) 70.2(2) 
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C(8)-C(3)-Mn(1) 129.5(3) 
C(5)-C(4)-C(3) 108.6(4) 
C(5)-C(4)-C(9) 125.1(5) 
C(3)-C(4)-C(9) 125.9(4) 
C(5)-C(4)-Mn(1) 71.6(2) 
C(3)-C(4)-Mn(1) 70.6(2) 
C(9)-C(4)-Mn(1) 129.0(3) 
C(4)-C(5)-C(1) 108.9(4) 
C(4)-C(5)-C(10) 125.4(4) 
C(1)-C(5)-C(10) 125.6(4) 
C(4)-C(5)-Mn(1) 70.2(2) 
C(1)-C(5)-Mn(1) 71.2(2) 
C(10)-C(5)-Mn(1) 128.3(3) 
C(1)-C(6)-H(6A) 109.5 
C(1)-C(6)-H(6B) 109.5 
H(6A)-C(6)-H(6B) 109.5 
C(1)-C(6)-H(6C) 109.5 
H(6A)-C(6)-H(6C) 109.5 
H(6B)-C(6)-H(6C) 109.5 
C(2)-C(7)-H(7A) 109.5 
C(2)-C(7)-H(7B) 109.5 
H(7A)-C(7)-H(7B) 109.5 
C(2)-C(7)-H(7C) 109.5 
H(7A)-C(7)-H(7C) 109.5 
H(7B)-C(7)-H(7C) 109.5 
C(3)-C(8)-H(8A) 109.5 
C(3)-C(8)-H(8B) 109.5 
H(8A)-C(8)-H(8B) 109.5 
C(3)-C(8)-H(8C) 109.5 
H(8A)-C(8)-H(8C) 109.5 
H(8B)-C(8)-H(8C) 109.5 
C(4)-C(9)-H(9A) 109.5 
C(4)-C(9)-H(9B) 109.5 
H(9A)-C(9)-H(9B) 109.5 
C(4)-C(9)-H(9C) 109.5 
H(9A)-C(9)-H(9C) 109.5 
H(9B)-C(9)-H(9C) 109.5 
C(5)-C(10)-H(10A) 109.5 
C(5)-C(10)-H(10B) 109.5 
H(10A)-C(10)-H(10B) 109.5 
C(5)-C(10)-H(10C) 109.5 
H(10A)-C(10)-H(10C) 109.5 
H(10B)-C(10)-H(10C) 109.5 
O(1)-C(11)-Mn(1) 178.5(4) 
O(2)-C(12)-Mn(1) 177.7(5) 
O(3)-C(13)-Mn(1) 175.3(4) 
C(26)-C(21)-C(22) 113.7(4) 
C(26)-C(21)-B(1) 127.4(4) 
C(22)-C(21)-B(1) 118.5(4) 
F(22)-C(22)-C(23) 115.4(4) 
F(22)-C(22)-C(21) 120.0(3) 
C(23)-C(22)-C(21) 124.7(5) 
F(23)-C(23)-C(24) 120.4(5) 
F(23)-C(23)-C(22) 120.6(6) 
C(24)-C(23)-C(22) 119.0(5) 
F(24)-C(24)-C(25) 120.9(7) 
F(24)-C(24)-C(23) 120.0(7) 
C(25)-C(24)-C(23) 119.1(4) 
F(25)-C(25)-C(24) 120.5(5) 
F(25)-C(25)-C(26) 119.2(6) 
C(24)-C(25)-C(26) 120.3(5) 
F(26)-C(26)-C(21) 121.1(4) 
F(26)-C(26)-C(25) 115.5(5) 
C(21)-C(26)-C(25) 123.3(5) 
C(32)-C(31)-C(36) 112.7(3) 
C(32)-C(31)-B(1) 120.3(3) 
C(36)-C(31)-B(1) 126.4(3) 
F(32)-C(32)-C(33) 116.8(4) 
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F(32)-C(32)-C(31) 118.8(3) 
C(33)-C(32)-C(31) 124.3(4) 
F(33)-C(33)-C(34) 119.3(4) 
F(33)-C(33)-C(32) 120.3(5) 
C(34)-C(33)-C(32) 120.4(4) 
F(34)-C(34)-C(35) 120.6(5) 
F(34)-C(34)-C(33) 121.8(4) 
C(35)-C(34)-C(33) 117.7(4) 
F(35)-C(35)-C(34) 119.3(4) 
F(35)-C(35)-C(36) 120.5(4) 
C(34)-C(35)-C(36) 120.2(4) 
F(36)-C(36)-C(35) 114.3(4) 
F(36)-C(36)-C(31) 121.0(3) 
C(35)-C(36)-C(31) 124.7(4) 
C(42)-C(41)-C(46) 112.9(3) 
C(42)-C(41)-B(1) 127.7(3) 
C(46)-C(41)-B(1) 119.1(3) 
F(42)-C(42)-C(43) 115.6(4) 
F(42)-C(42)-C(41) 120.8(3) 
C(43)-C(42)-C(41) 123.6(4) 
F(43)-C(43)-C(44) 119.7(4) 
F(43)-C(43)-C(42) 119.5(4) 
C(44)-C(43)-C(42) 120.8(4) 
F(44)-C(44)-C(43) 121.2(4) 
F(44)-C(44)-C(45) 120.4(4) 
C(43)-C(44)-C(45) 118.4(4) 
F(45)-C(45)-C(46) 121.6(4) 
F(45)-C(45)-C(44) 119.8(4) 
C(46)-C(45)-C(44) 118.6(4) 
F(46)-C(46)-C(45) 115.3(3) 
F(46)-C(46)-C(41) 118.9(3) 
C(45)-C(46)-C(41) 125.7(4) 
C(56)-C(51)-C(52) 112.9(3) 
C(56)-C(51)-B(1) 127.0(4) 
C(52)-C(51)-B(1) 119.9(3) 
F(52)-C(52)-C(53) 116.7(4) 
F(52)-C(52)-C(51) 119.1(3) 
C(53)-C(52)-C(51) 124.2(4) 
F(53)-C(53)-C(54) 119.5(3) 
F(53)-C(53)-C(52) 120.6(4) 
C(54)-C(53)-C(52) 119.9(4) 
F(54)-C(54)-C(55) 119.9(4) 
F(54)-C(54)-C(53) 121.2(4) 
C(55)-C(54)-C(53) 118.9(4) 
F(55)-C(55)-C(54) 120.4(4) 
F(55)-C(55)-C(56) 119.9(4) 
C(54)-C(55)-C(56) 119.7(4) 
F(56)-C(56)-C(55) 114.6(3) 
F(56)-C(56)-C(51) 121.0(3) 
C(55)-C(56)-C(51) 124.4(4) 
C(21)-B(1)-C(51) 112.2(3) 
C(21)-B(1)-C(41) 101.3(3) 
C(51)-B(1)-C(41) 114.9(3) 
C(21)-B(1)-C(31) 115.2(3) 
C(51)-B(1)-C(31) 101.4(3) 
C(41)-B(1)-C(31) 112.4(3) 
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Table 4. Anisotropic displacement parameters  (Å2x 103) for [9][TFAB]. The anisotropic displacement 
factor exponent takes the form: -2pi2[ h2 a*2U11 + ... + 2 h k a* b* U12]. 
 
 U11 U22  U33 U23 U13 U12 
Mn(1) 52(1)  45(1) 70(1)  -7(1) -3(1)  2(1) 
F(22) 60(1)  57(1) 83(2)  -11(1) 9(1)  -7(1) 
F(23) 60(2)  110(2) 144(3)  -74(2) 7(2)  -11(2) 
F(24) 97(2)  181(4) 125(3)  -96(3) -58(2)  45(2) 
F(25) 145(3)  163(3) 58(2)  -28(2) -41(2)  70(3) 
F(26) 92(2)  91(2) 52(2)  14(1) -5(1)  22(2) 
F(32) 65(1)  81(2) 54(1)  -6(1) 18(1)  12(1) 
F(33) 66(1)  110(2) 82(2)  28(2) 33(1)  10(1) 
F(34) 77(2)  83(2) 139(3)  27(2) 20(2)  -23(2) 
F(35) 79(2)  58(1) 116(3)  -6(2) 6(2)  -17(1) 
F(36) 65(1)  60(1) 62(2)  -12(1) 13(1)  -7(1) 
F(42) 59(1)  58(1) 61(2)  13(1) 10(1)  3(1) 
F(43) 80(2)  94(2) 78(2)  21(2) 34(1)  -3(1) 
F(44) 66(1)  101(2) 109(2)  -11(2) 43(2)  7(1) 
F(45) 49(1)  70(2) 99(2)  -14(1) -3(1)  17(1) 
F(46) 62(1)  62(1) 64(2)  8(1) -1(1)  16(1) 
F(52) 55(1)  60(1) 49(1)  -5(1) -3(1)  -2(1) 
F(53) 59(1)  102(2) 61(2)  8(1) -18(1)  5(1) 
F(54) 75(2)  100(2) 107(2)  17(2) -14(2)  35(2) 
F(55) 80(2)  67(2) 109(3)  -15(2) 6(2)  28(1) 
F(56) 61(1)  68(1) 68(2)  -23(1) -6(1)  13(1) 
O(1) 90(2)  86(3) 77(3)  -6(2) 17(2)  -2(2) 
O(2) 76(2)  105(3) 101(3)  21(2) 4(2)  34(2) 
O(3) 76(2)  80(2) 115(3)  -26(2) 7(2)  -25(2) 
C(1) 54(2)  48(2) 73(3)  -9(2) 2(2)  7(2) 
C(2) 67(2)  44(2) 65(3)  -5(2) -2(2)  9(2) 
C(3) 61(2)  41(2) 78(3)  -13(2) 11(2)  -4(2) 
C(4) 59(2)  50(2) 66(3)  -8(2) -2(2)  2(2) 
C(5) 61(2)  46(2) 68(3)  -4(2) 4(2)  2(2) 
C(6) 56(2)  90(3) 120(5)  -3(3) -12(3)  8(2) 
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C(7) 113(4)  63(3) 83(4)  12(2) -2(3)  14(3) 
C(8) 80(3)  60(2) 109(4)  -16(3) 24(3)  -19(2) 
C(9) 79(3)  90(3) 92(4)  -14(3) -29(3)  3(3) 
C(10) 92(4)  75(3) 77(4)  10(2) 18(3)  -10(2) 
C(11) 54(2)  50(2) 81(4)  -8(2) -1(2)  3(2) 
C(12) 66(3)  62(2) 74(3)  3(2) 2(2)  6(2) 
C(13) 60(2)  62(2) 68(3)  -10(2) 6(2)  -2(2) 
C(21) 42(2)  62(2) 54(3)  -9(2) -3(2)  9(2) 
C(22) 47(2)  66(2) 62(3)  -17(2) 1(2)  12(2) 
C(23) 45(2)  79(3) 105(5)  -52(3) -4(2)  7(2) 
C(24) 63(3)  125(5) 89(4)  -62(4) -27(3)  33(3) 
C(25) 81(3)  120(4) 52(3)  -34(3) -19(2)  44(3) 
C(26) 59(2)  85(3) 50(3)  -13(2) -7(2)  25(2) 
C(31) 46(2)  54(2) 47(2)  10(2) 2(2)  3(2) 
C(32) 52(2)  59(2) 52(2)  8(2) 6(2)  11(2) 
C(33) 49(2)  80(3) 67(3)  24(2) 12(2)  12(2) 
C(34) 50(2)  68(3) 89(3)  25(3) 7(2)  -4(2) 
C(35) 58(2)  50(2) 78(3)  11(2) -2(2)  -3(2) 
C(36) 47(2)  51(2) 55(2)  7(2) 6(2)  3(2) 
C(41) 42(2)  44(2) 49(2)  -4(2) 0(2)  -2(1) 
C(42) 46(2)  47(2) 57(2)  1(2) 4(2)  1(2) 
C(43) 55(2)  66(2) 57(3)  4(2) 16(2)  -12(2) 
C(44) 44(2)  69(2) 78(3)  -11(2) 17(2)  -3(2) 
C(45) 44(2)  50(2) 77(3)  -11(2) 1(2)  4(2) 
C(46) 45(2)  49(2) 51(2)  -2(2) -2(2)  1(2) 
C(51) 38(2)  48(2) 47(2)  3(1) 2(2)  -2(1) 
C(52) 43(2)  48(2) 47(2)  3(2) 7(2)  -3(1) 
C(53) 41(2)  70(2) 54(3)  15(2) -1(2)  0(2) 
C(54) 45(2)  67(3) 78(3)  16(2) 5(2)  16(2) 
C(55) 51(2)  54(2) 76(3)  0(2) 11(2)  6(2) 
C(56) 44(2)  50(2) 59(2)  -7(2) 3(2)  1(2) 
B(1) 44(2)  50(2) 37(2)  3(2) 4(2)  5(2) 
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Table 5. Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2 x 10 3) for [9][TFAB]. 
 
 x y z U(eq) 
H(6A) 117 8872 593 133 
H(6B) 260 7532 583 133 
H(6C) 370 8254 -122 133 
H(7A) 1508 10411 -458 129 
H(7B) 1300 9202 -792 129 
H(7C) 2202 9673 -819 129 
H(8A) 3320 10587 587 125 
H(8B) 3403 9909 -137 125 
H(8C) 3848 9455 553 125 
H(9A) 3041 9120 2099 131 
H(9B) 3637 8378 1627 131 
H(9C) 2959 7770 2089 131 
H(10A) 1037 8014 2114 122 
H(10B) 1720 7062 2075 122 
H(10C) 917 6931 1620 122 
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Crystal structure data, atomic coordinates, bond lengths and angles for  
[Re(η5-C5H4NH2)(CO)3]2[TFAB]2, [42][TFAB]2 
 
Table 1.  Crystal data and structure refinement for [42][TFAB]2. 
 
Empirical formula  C64 H14 B2 F40 N2 O8 Re2 
Formula weight  2092.79 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 11.9709(5) Å α= 94.2680(10)°. 
 b = 12.1176(5) Å β= 92.2090(10)°. 
 c = 12.3692(6) Å γ = 118.2330(10)°. 
Volume 1570.85(12) Å3 
Z 1 
Density (calculated) 2.212 Mg/m3 
Absorption coefficient 4.031 mm-1 
F(000) 996 
Crystal size 0.31 x 0.21 x 0.11 mm3 
Crystal color, habit yellow rod 
Theta range for data collection 1.66 to 28.31°. 
Index ranges -15<=h<=15, -15<=k<=15, -15<=l<=15 
Reflections collected 13063 
Independent reflections 6866 [R(int) = 0.0215] 
Completeness to theta = 25.00° 97.9 %  
Absorption correction Multi-scan 
Max. and min. transmission 0.6655 and 0.3680 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6866 / 0 / 544 
Goodness-of-fit on F2 1.068 
Final R indices [I>2sigma(I)] R1 = 0.0244, wR2 = 0.0630 
R indices (all data) R1 = 0.0259, wR2 = 0.0640 
Largest diff. peak and hole 1.721 and -0.727 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) for 
[42][TFAB]2.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
 
 x y z U(eq) 
Re(1) 9775(1) 3689(1) 10294(1) 13(1) 
F(12) 2489(2) 3747(2) 6910(2) 20(1) 
F(13) 3972(2) 5872(2) 6135(2) 26(1) 
F(14) 6520(2) 6624(2) 5978(2) 31(1) 
F(15) 7449(2) 5045(2) 6506(2) 26(1) 
F(16) 5917(2) 2807(2) 7139(1) 18(1) 
F(22) 4192(2) 1693(2) 5101(1) 18(1) 
F(23) 3859(2) -353(2) 3865(1) 21(1) 
F(24) 2858(2) -2638(2) 4671(1) 23(1) 
F(25) 2206(2) -2819(2) 6750(2) 24(1) 
F(26) 2490(2) -812(2) 8000(1) 17(1) 
F(32) 1267(2) 277(2) 9007(1) 18(1) 
F(33) -1205(2) -838(2) 8592(2) 22(1) 
F(34) -2280(2) -541(2) 6734(2) 26(1) 
F(35) -733(2) 889(2) 5238(2) 25(1) 
F(36) 1759(2) 1769(2) 5514(1) 19(1) 
F(42) 2748(2) 3066(2) 9158(1) 23(1) 
F(43) 3578(2) 3488(2) 11240(2) 31(1) 
F(44) 5168(2) 2609(2) 11973(1) 30(1) 
F(45) 5931(2) 1350(2) 10530(1) 21(1) 
F(46) 5075(2) 864(2) 8448(1) 17(1) 
O(1) 12632(2) 5479(2) 10940(2) 22(1) 
O(2) 10178(2) 2666(2) 12402(2) 23(1) 
O(3) 8017(2) 4334(2) 11674(2) 23(1) 
O(4) 10621(3) 4457(3) 5712(2) 43(1) 
O(5) 8948(3) 3480(3) 7403(2) 20(1) 
C(1) 8116(3) 2356(3) 9016(2) 17(1) 
C(2) 8513(3) 1663(3) 9665(2) 17(1) 
C(3) 9804(3) 2008(3) 9469(2) 16(1) 
C(4) 10189(3) 2905(3) 8686(2) 16(1) 
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C(5) 9073(3) 2961(3) 8277(2) 16(1) 
C(6) 11559(3) 4885(3) 10719(2) 17(1) 
C(7) 10009(3) 3031(3) 11629(3) 18(1) 
C(8) 8714(3) 4165(3) 11185(2) 18(1) 
C(11) 4093(3) 3102(3) 7000(2) 15(1) 
C(12) 3705(3) 3981(3) 6778(2) 17(1) 
C(13) 4478(3) 5132(3) 6406(2) 20(1) 
C(14) 5741(3) 5504(3) 6310(2) 22(1) 
C(15) 6202(3) 4701(3) 6569(2) 19(1) 
C(16) 5390(3) 3549(3) 6899(2) 16(1) 
C(21) 3360(3) 565(3) 6633(2) 14(1) 
C(22) 3691(3) 599(3) 5565(2) 16(1) 
C(23) 3538(3) -447(3) 4901(2) 17(1) 
C(24) 3041(3) -1598(3) 5289(2) 19(1) 
C(25) 2704(3) -1691(3) 6347(2) 18(1) 
C(26) 2868(3) -634(3) 6979(2) 15(1) 
C(31) 1689(3) 1138(3) 7293(2) 14(1) 
C(32) 847(3) 431(3) 8017(2) 15(1) 
C(33) -462(3) -152(3) 7839(2) 18(1) 
C(34) -1015(3) -8(3) 6902(3) 19(1) 
C(35) -233(3) 703(3) 6158(2) 19(1) 
C(36) 1072(3) 1205(3) 6339(2) 16(1) 
C(41) 3814(3) 1896(3) 8687(2) 14(1) 
C(42) 3526(3) 2593(3) 9459(2) 18(1) 
C(43) 3943(3) 2833(3) 10548(2) 21(1) 
C(44) 4737(3) 2391(3) 10923(2) 21(1) 
C(45) 5108(3) 1737(3) 10187(2) 18(1) 
C(46) 4648(3) 1503(3) 9103(2) 14(1) 
B(1) 3248(3) 1691(3) 7404(3) 13(1) 
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Table 3.   Bond lengths [Å] and angles [°] for [42][TFAB]2. 
 
Re(1)-C(7)  1.953(3) 
Re(1)-C(6)  1.952(3) 
Re(1)-C(8)  1.965(3) 
Re(1)-C(3)  2.226(3) 
Re(1)-C(2)  2.243(3) 
Re(1)-C(4)  2.312(3) 
Re(1)-C(1)  2.323(3) 
Re(1)-C(5)  2.553(3) 
Re(1)-Re(1)#1  3.1098(2) 
F(12)-C(12)  1.363(3) 
F(13)-C(13)  1.352(4) 
F(14)-C(14)  1.340(3) 
F(15)-C(15)  1.354(3) 
F(16)-C(16)  1.363(3) 
F(22)-C(22)  1.355(3) 
F(23)-C(23)  1.350(3) 
F(24)-C(24)  1.342(3) 
F(25)-C(25)  1.352(3) 
F(26)-C(26)  1.356(3) 
F(32)-C(32)  1.365(3) 
F(33)-C(33)  1.352(3) 
F(34)-C(34)  1.335(3) 
F(35)-C(35)  1.349(3) 
F(36)-C(36)  1.350(3) 
F(42)-C(42)  1.358(3) 
F(43)-C(43)  1.345(3) 
F(44)-C(44)  1.339(3) 
F(45)-C(45)  1.344(3) 
F(46)-C(46)  1.353(3) 
O(1)-C(6)  1.145(4) 
O(2)-C(7)  1.132(4) 
O(3)-C(8)  1.134(4) 
O(5)-C(5)  1.328(4) 
C(1)-C(2)  1.423(4) 
C(1)-C(5)  1.439(4) 
C(2)-C(3)  1.434(4) 
C(3)-C(4)  1.431(4) 
C(4)-C(5)  1.445(4) 
C(11)-C(12)  1.389(4) 
C(11)-C(16)  1.395(4) 
C(11)-B(1)  1.651(4) 
C(12)-C(13)  1.386(4) 
C(13)-C(14)  1.371(5) 
C(14)-C(15)  1.377(5) 
C(15)-C(16)  1.376(4) 
C(21)-C(22)  1.392(4) 
C(21)-C(26)  1.394(4) 
C(21)-B(1)  1.667(4) 
C(22)-C(23)  1.389(4) 
C(23)-C(24)  1.366(4) 
C(24)-C(25)  1.381(4) 
C(25)-C(26)  1.375(4) 
C(31)-C(32)  1.385(4) 
C(31)-C(36)  1.396(4) 
C(31)-B(1)  1.653(4) 
C(32)-C(33)  1.381(4) 
C(33)-C(34)  1.375(4) 
C(34)-C(35)  1.374(4) 
C(35)-C(36)  1.383(4) 
C(41)-C(42)  1.388(4) 
C(41)-C(46)  1.390(4) 
C(41)-B(1)  1.656(4) 
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C(42)-C(43)  1.379(4) 
C(43)-C(44)  1.375(5) 
C(44)-C(45)  1.382(4) 
C(45)-C(46)  1.386(4)
C(7)-Re(1)-C(6) 80.37(12) 
C(7)-Re(1)-C(8) 82.33(12) 
C(6)-Re(1)-C(8) 108.47(12) 
C(7)-Re(1)-C(3) 84.33(11) 
C(6)-Re(1)-C(3) 104.74(11) 
C(8)-Re(1)-C(3) 141.37(12) 
C(7)-Re(1)-C(2) 85.24(12) 
C(6)-Re(1)-C(2) 140.98(11) 
C(8)-Re(1)-C(2) 105.23(12) 
C(3)-Re(1)-C(2) 37.42(10) 
C(7)-Re(1)-C(4) 117.53(11) 
C(6)-Re(1)-C(4) 94.28(11) 
C(8)-Re(1)-C(4) 152.48(12) 
C(3)-Re(1)-C(4) 36.71(10) 
C(2)-Re(1)-C(4) 61.07(10) 
C(7)-Re(1)-C(1) 118.55(11) 
C(6)-Re(1)-C(1) 152.34(11) 
C(8)-Re(1)-C(1) 94.70(12) 
C(3)-Re(1)-C(1) 60.96(11) 
C(2)-Re(1)-C(1) 36.26(10) 
C(4)-Re(1)-C(1) 59.73(10) 
C(7)-Re(1)-C(5) 139.89(11) 
C(6)-Re(1)-C(5) 118.67(11) 
C(8)-Re(1)-C(5) 118.55(11) 
C(3)-Re(1)-C(5) 57.61(10) 
C(2)-Re(1)-C(5) 57.32(10) 
C(4)-Re(1)-C(5) 34.09(10) 
C(1)-Re(1)-C(5) 33.92(9) 
C(7)-Re(1)-Re(1)#1 134.56(9) 
C(6)-Re(1)-Re(1)#1 72.78(8) 
C(8)-Re(1)-Re(1)#1 72.69(8) 
C(3)-Re(1)-Re(1)#1 137.35(7) 
C(2)-Re(1)-Re(1)#1 137.33(8) 
C(4)-Re(1)-Re(1)#1 100.68(7) 
C(1)-Re(1)-Re(1)#1 101.12(7) 
C(5)-Re(1)-Re(1)#1 85.53(6) 
C(2)-C(1)-C(5) 108.0(3) 
C(2)-C(1)-Re(1) 68.80(16) 
C(5)-C(1)-Re(1) 81.85(17) 
C(1)-C(2)-C(3) 107.9(3) 
C(1)-C(2)-Re(1) 74.93(16) 
C(3)-C(2)-Re(1) 70.65(16) 
C(4)-C(3)-C(2) 107.8(3) 
C(4)-C(3)-Re(1) 74.90(16) 
C(2)-C(3)-Re(1) 71.93(16) 
C(3)-C(4)-C(5) 107.6(3) 
C(3)-C(4)-Re(1) 68.39(15) 
C(5)-C(4)-Re(1) 82.16(16) 
O(5)-C(5)-C(1) 126.4(3) 
O(5)-C(5)-C(4) 127.3(3) 
C(1)-C(5)-C(4) 106.3(2) 
O(5)-C(5)-Re(1) 136.3(2) 
C(1)-C(5)-Re(1) 64.23(15) 
C(4)-C(5)-Re(1) 63.75(15) 
O(1)-C(6)-Re(1) 172.5(3) 
O(2)-C(7)-Re(1) 178.3(3) 
O(3)-C(8)-Re(1) 173.9(3) 
C(12)-C(11)-C(16) 112.4(3) 
C(12)-C(11)-B(1) 128.6(3) 
C(16)-C(11)-B(1) 119.0(3) 
F(12)-C(12)-C(11) 120.8(3) 
F(12)-C(12)-C(13) 114.8(3) 
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C(11)-C(12)-C(13) 124.4(3) 
F(13)-C(13)-C(14) 120.7(3) 
F(13)-C(13)-C(12) 119.4(3) 
C(14)-C(13)-C(12) 119.9(3) 
F(14)-C(14)-C(13) 121.3(3) 
F(14)-C(14)-C(15) 120.2(3) 
C(13)-C(14)-C(15) 118.5(3) 
F(15)-C(15)-C(16) 120.1(3) 
F(15)-C(15)-C(14) 120.3(3) 
C(16)-C(15)-C(14) 119.6(3) 
F(16)-C(16)-C(15) 116.1(3) 
F(16)-C(16)-C(11) 118.9(3) 
C(15)-C(16)-C(11) 125.0(3) 
C(22)-C(21)-C(26) 112.9(3) 
C(22)-C(21)-B(1) 127.1(2) 
C(26)-C(21)-B(1) 119.0(2) 
F(22)-C(22)-C(23) 115.2(2) 
F(22)-C(22)-C(21) 120.7(3) 
C(23)-C(22)-C(21) 124.1(3) 
F(23)-C(23)-C(24) 118.9(3) 
F(23)-C(23)-C(22) 121.1(3) 
C(24)-C(23)-C(22) 120.0(3) 
F(24)-C(24)-C(23) 122.1(3) 
F(24)-C(24)-C(25) 119.3(3) 
C(23)-C(24)-C(25) 118.6(3) 
F(25)-C(25)-C(26) 120.5(3) 
F(25)-C(25)-C(24) 119.9(3) 
C(26)-C(25)-C(24) 119.7(3) 
F(26)-C(26)-C(25) 115.9(2) 
F(26)-C(26)-C(21) 119.4(2) 
C(25)-C(26)-C(21) 124.7(3) 
C(32)-C(31)-C(36) 112.6(3) 
C(32)-C(31)-B(1) 126.2(3) 
C(36)-C(31)-B(1) 120.6(2) 
F(32)-C(32)-C(33) 113.7(2) 
F(32)-C(32)-C(31) 121.4(3) 
C(33)-C(32)-C(31) 124.9(3) 
F(33)-C(33)-C(34) 119.7(3) 
F(33)-C(33)-C(32) 120.5(3) 
C(34)-C(33)-C(32) 119.8(3) 
F(34)-C(34)-C(33) 120.3(3) 
F(34)-C(34)-C(35) 121.4(3) 
C(33)-C(34)-C(35) 118.2(3) 
F(35)-C(35)-C(34) 120.2(3) 
F(35)-C(35)-C(36) 119.8(3) 
C(34)-C(35)-C(36) 120.0(3) 
F(36)-C(36)-C(35) 116.0(3) 
F(36)-C(36)-C(31) 119.7(3) 
C(35)-C(36)-C(31) 124.2(3) 
C(42)-C(41)-C(46) 113.2(3) 
C(42)-C(41)-B(1) 119.7(3) 
C(46)-C(41)-B(1) 126.9(2) 
F(42)-C(42)-C(43) 115.4(3) 
F(42)-C(42)-C(41) 119.5(3) 
C(43)-C(42)-C(41) 125.1(3) 
F(43)-C(43)-C(44) 120.1(3) 
F(43)-C(43)-C(42) 120.7(3) 
C(44)-C(43)-C(42) 119.2(3) 
F(44)-C(44)-C(43) 121.1(3) 
F(44)-C(44)-C(45) 120.3(3) 
C(43)-C(44)-C(45) 118.6(3) 
F(45)-C(45)-C(44) 119.4(3) 
F(45)-C(45)-C(46) 120.6(3) 
C(44)-C(45)-C(46) 120.0(3) 
F(46)-C(46)-C(45) 115.4(3) 
F(46)-C(46)-C(41) 120.9(3) 
C(45)-C(46)-C(41) 123.7(3) 
C(11)-B(1)-C(41) 102.5(2) 
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C(11)-B(1)-C(31) 115.5(2) 
C(41)-B(1)-C(31) 111.8(2) 
C(11)-B(1)-C(21) 112.8(2) 
C(41)-B(1)-C(21) 114.5(2) 
C(31)-B(1)-C(21) 100.4(2) 
Symmetry transformations used to generate equivalent atoms:  #1 -x+2,-y+1,-z+2       
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Table 4.   Anisotropic displacement parameters  (Å2x 103) for [42][TFAB]2.  The anisotropic 
displacement factor exponent takes the form:  -2pi2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ]. 
 
 U11 U22  U33 U23 U13 U12 
Re(1) 13(1)  12(1) 13(1)  1(1) 1(1)  6(1) 
F(12) 21(1)  21(1) 24(1)  2(1) 2(1)  14(1) 
F(13) 39(1)  20(1) 24(1)  3(1) -2(1)  17(1) 
F(14) 35(1)  15(1) 32(1)  7(1) 4(1)  3(1) 
F(15) 17(1)  23(1) 30(1)  3(1) 4(1)  3(1) 
F(16) 15(1)  19(1) 21(1)  1(1) 1(1)  8(1) 
F(22) 22(1)  17(1) 14(1)  4(1) 3(1)  7(1) 
F(23) 25(1)  31(1) 10(1)  -1(1) 2(1)  15(1) 
F(24) 31(1)  21(1) 19(1)  -6(1) 1(1)  15(1) 
F(25) 34(1)  15(1) 24(1)  5(1) 7(1)  11(1) 
F(26) 18(1)  17(1) 14(1)  4(1) 5(1)  8(1) 
F(32) 18(1)  24(1) 14(1)  4(1) 2(1)  12(1) 
F(33) 17(1)  22(1) 25(1)  5(1) 8(1)  6(1) 
F(34) 12(1)  32(1) 31(1)  2(1) -1(1)  9(1) 
F(35) 20(1)  37(1) 20(1)  2(1) -5(1)  16(1) 
F(36) 19(1)  25(1) 13(1)  4(1) 1(1)  11(1) 
F(42) 26(1)  29(1) 22(1)  -4(1) -3(1)  21(1) 
F(43) 41(1)  41(1) 19(1)  -11(1) -2(1)  27(1) 
F(44) 35(1)  43(1) 12(1)  -5(1) -6(1)  20(1) 
F(45) 20(1)  28(1) 20(1)  5(1) -3(1)  15(1) 
F(46) 17(1)  19(1) 18(1)  0(1) 1(1)  11(1) 
O(1) 17(1)  21(1) 26(1)  2(1) -1(1)  8(1) 
O(2) 24(1)  23(1) 21(1)  6(1) -2(1)  9(1) 
O(3) 27(1)  21(1) 25(1)  6(1) 10(1)  14(1) 
O(4) 41(2)  46(2) 35(2)  10(1) 2(1)  15(1) 
O(5) 18(1)  27(1) 17(1)  2(1) -3(1)  13(1) 
C(1) 16(1)  16(1) 17(1)  0(1) 0(1)  6(1) 
C(2) 18(1)  14(1) 17(1)  -3(1) 1(1)  7(1) 
C(3) 21(2)  15(1) 14(1)  -2(1) 0(1)  10(1) 
  
 
 
 
357 
C(4) 16(1)  17(1) 16(1)  -2(1) 1(1)  10(1) 
C(5) 18(1)  16(1) 13(1)  -5(1) -2(1)  9(1) 
C(6) 23(2)  14(1) 14(1)  2(1) 1(1)  10(1) 
C(7) 15(1)  15(1) 25(2)  2(1) 4(1)  6(1) 
C(8) 22(2)  16(1) 16(1)  4(1) 2(1)  9(1) 
C(11) 17(1)  15(1) 12(1)  -1(1) 0(1)  6(1) 
C(12) 17(1)  21(2) 12(1)  -3(1) -1(1)  10(1) 
C(13) 29(2)  16(1) 16(1)  -1(1) -3(1)  13(1) 
C(14) 31(2)  14(1) 14(1)  1(1) 1(1)  5(1) 
C(15) 16(1)  19(1) 15(1)  -1(1) 3(1)  3(1) 
C(16) 18(1)  17(1) 14(1)  0(1) 0(1)  9(1) 
C(21) 11(1)  17(1) 12(1)  1(1) -1(1)  7(1) 
C(22) 14(1)  20(1) 16(1)  5(1) 2(1)  9(1) 
C(23) 15(1)  23(2) 10(1)  -2(1) -1(1)  9(1) 
C(24) 18(1)  21(2) 19(1)  -6(1) -3(1)  11(1) 
C(25) 19(1)  16(1) 19(1)  4(1) 0(1)  8(1) 
C(26) 14(1)  19(1) 14(1)  2(1) 3(1)  9(1) 
C(31) 15(1)  13(1) 14(1)  -2(1) -1(1)  7(1) 
C(32) 18(1)  16(1) 14(1)  -2(1) -1(1)  10(1) 
C(33) 19(2)  15(1) 20(2)  1(1) 5(1)  8(1) 
C(34) 12(1)  20(2) 24(2)  -3(1) -2(1)  7(1) 
C(35) 18(2)  22(2) 18(1)  -1(1) -3(1)  12(1) 
C(36) 16(1)  17(1) 16(1)  0(1) 1(1)  9(1) 
C(41) 13(1)  15(1) 13(1)  0(1) 0(1)  5(1) 
C(42) 15(1)  23(2) 19(1)  1(1) 0(1)  12(1) 
C(43) 22(2)  23(2) 19(2)  -5(1) 0(1)  12(1) 
C(44) 21(2)  24(2) 13(1)  -1(1) -3(1)  7(1) 
C(45) 15(1)  21(1) 17(1)  4(1) -1(1)  8(1) 
C(46) 13(1)  15(1) 17(1)  2(1) 4(1)  7(1) 
B(1) 11(1)  15(2) 12(1)  1(1) 0(1)  6(1) 
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Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 3) for 
[42][TFAB]2. 
 
 x  y  z  U(eq) 
H(1A) 7245 2279 8968 20 
H(2A) 7957 979 10106 20 
H(3A) 10299 1598 9742 19 
H(4A) 11026 3272 8361 19 
H(5) 9600(30) 3810(30) 6920(30) 16(8) 
H(6) 8290(30) 3420(30) 7210(30) 8(8) 
H(4B) 10530(30) 3920(30) 5090(30) 23(9) 
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